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ABSTRACT 
 
 
Feasibility of Extending an Artificial Salmon Spawning  
Stream, Marx Creek near Hyder, Alaska 
 
by 
 
 
Tom Nelson, Master of Science 
 
Utah State University, 2010 
 
 
Major Professor: Thomas E. Lachmar 
Department: Geology 
 
Marx Creek, near Hyder in southeast Alaska, is a groundwater-fed, artificial 
salmon-spawning stream that was constructed to enhance the habitat of the atypically 
large chum salmon. The success of the upper Marx Creek has been limited primarily by 
the infiltration of silty water from the Salmon River through its flood-control dike, which 
results in a turbid stream environment that is not conducive to salmon spawning.  
The purpose of this project was to determine whether baseflow from the 
groundwater system is sufficient to support a proposed 1,000-foot extension of Marx 
Creek. The extension would be constructed approximately 500 feet east of the existing 
channel, and would connect with the existing Marx Creek at a point downstream of the 
sediment-settling stream cell. The location of the new channel would prevent the turbid 
water from reaching the new channel, as it would flow into and settle out in the existing 
Marx Creek.  
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In order to accomplish this purpose, 20 monitoring wells were installed. Water 
level data were collected in each of the monitor wells. Slug and pumping tests were 
performed to determine the hydraulic conductivity at each of the well locations. 
Discharge measurements were also collected in July 2006 and July 2007. These data were 
used to create a three-dimensional groundwater flow model using Visual MODFLOW. 
The model was calibrated to hydraulic head measurements and Marx Creek 
discharge. After achieving model calibration, three predictive simulations were run. In 
the first simulation the proposed extension was added to the calibrated model. The result 
was that baseflow to the extension significantly exceeded baseflow to Marx Creek, and 
that the addition of the proposed extension reduced baseflow to Marx Creek by 17%. In 
the second simulation, Marx Creek was removed from the model, while the proposed 
extension remained. The result was that discharge in the extension increased by 5%. In 
the third simulation a 1.06-foot drop in the model’s hydraulic head was simulated, and 
the result was that discharge in the extension decreased by 18%. Based on these results, it 
is likely that baseflow to the proposed extension would be sufficient to provide habitat 
conducive to salmon spawning. 
              (167 pages) 
 
 
 
 
 
 
 
iv
ACKNOWLEDGMENTS 
  
I would like to thank the Pacific Salmon Commission and Tongass National 
Forest Service for their generous funding toward the Marx Creek project. I would also 
like to thank the Department of Geology for providing the tuition waivers and 
scholarships that made it possible for me to attend Utah State University. In addition, I 
would like to thank Bio-West, Inc. for funding and allowing me to attend a Visual 
MODFLOW short-course, which provided an increased clarity and understanding of the 
program. I would like to thank Kevin Randall for his time spent in Alaska performing 
field work for this project. The data collected during this project are a direct result of 
Kevin’s hard work. I am grateful to my committee members, Jagath Kaluarachchi and 
Luis Bastidas, for their insightful comments and guidance throughout this project. 
 I am especially grateful to my major advisor, Thomas E. Lachmar. Dr. Lachmar’s 
guidance and teaching, both in and out of the classroom, have made my time at Utah 
State University a very memorable and positive experience. The completion of this thesis 
would not have been possible without his guidance and encouragement. 
 I am grateful to my parents, Larry and Mary Nelson, for their unwavering love 
and support. Throughout my life they have shown me the importance of hard work. Their 
selfless dedication to my well-being has provided me with the opportunity to achieve 
happiness, both personally and occupationally. 
 Finally, I would like to thank my girlfriend, Michelle Summa. The support, 
encouragement and understanding that Michelle gave me during times of frustration 
provided me with the inspiration necessary to complete this thesis.  
Tom Nelson 
 
v
CONTENTS 
 
Page 
 
ABSTRACT........................................................................................................................ ii 
 
ACKNOWLEDGMENTS ................................................................................................. iv 
 
LIST OF TABLES............................................................................................................ vii 
 
LIST OF FIGURES .............................................................................................................x 
 
CHAPTER 
 
I. INTRODUCTION .............................................................................................1 
 
Statement of the Problem.............................................................................1 
Purpose and Objectives................................................................................1 
Location .......................................................................................................2 
Geologic and Hydrogeologic Setting...........................................................5 
 
II. FIELD METHODS............................................................................................7 
 
Monitor Well Installation.............................................................................7 
Water Levels ..............................................................................................10 
Hydraulic Conductivity..............................................................................12 
Soil Pits ......................................................................................................14 
Discharge ...................................................................................................15 
Channel Dimensions ..................................................................................17 
 
III. FIELD RESULTS............................................................................................20 
 
Water Level Results...................................................................................20 
Slug and Pumping Test Results .................................................................22 
Stratigraphic Interpretation ........................................................................22 
Discharge Results.......................................................................................25 
 
IV. MODEL CREATION ......................................................................................27 
 
Discretization of the Groundwater System................................................27 
Boundary Conditions .................................................................................31 
Hydraulic Properties ..................................................................................43 
 
V. MODEL CALIBRATION, SIMULATION AND  
 SENSITIVITY ANALYSIS ............................................................................47 
 
vi
Model Calibration ......................................................................................47 
Addition of Stream Extension....................................................................57 
Predictive Simulations ...............................................................................63 
Sensitivity Analysis ...................................................................................70 
 
VI. SUMMARY, CONCLUSIONS, LIMITATIONS AND 
RECOMMENDATIONS.................................................................................79 
 
Summary ....................................................................................................79 
Conclusions................................................................................................87 
Limitations .................................................................................................88 
Recommendations......................................................................................92 
 
REFERENCES ................................................................................................94 
 
APPENDICES .................................................................................................96 
 
Appendix A: Water level data from the monitor wells 
  recorded from 18 July 2006 to 31 August 2006..................97 
Appendix B: Soil pit logs.........................................................................118 
Appendix C: Marx Creek raw discharge data..........................................122 
Appendix D: Slug and pumping test data and analysis graphs................125 
Appendix E: Flow equations used by MODFLOW.................................154 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vii
LIST OF TABLES 
 
 
Table               Page 
 
1 Well-point completion data......................................................................................9 
 
2 Summary of steel tape water level measurements .................................................11 
 
3 Summary of slug and pumping tests......................................................................13 
 
4 Summary of existing Marx Creek stream dimensions as measured on  
 3 July 2007.............................................................................................................18 
 
5 Summary of minimum/maximum water levels recorded in the monitor wells 
between 19 July 2006 and 31 August 2006 ...........................................................21 
 
6 Summary of hydraulic conductivity values measured at wells..............................23 
 
7 Summary of Marx Creek discharge from July 2006 and 2007..............................26 
 
8 Summary of the head values observed in the monitor wells on 18 July 2006 
and the model-calculated head values during the final calibration simulation......49 
 
9 Summary of stream stage elevations, streambed elevations and stream width  
values assigned to the stream segments of the Marx Creek model........................56 
 
10 Summary of discharge calibration results..............................................................58 
 
11 Daily recharge and discharge fluxes to and from the groundwater 
 system for the calibrated Marx Creek model.........................................................60 
 
12 Summary of streambed elevations, and stream width and length  
values assigned to the proposed stream extension segments of the Marx  
Creek model ...........................................................................................................62 
 
13 Daily recharge and discharge fluxes to and from the groundwater system for  
 the calibrated Marx Creek model with the proposed stream extension .................64 
 
14 Model-computed discharges of the proposed stream extension and the  
 existing Marx Creek from the first simulation.......................................................67 
 
15 Comparison of discharge values predicted by the model during the first,  
 second and third simulations..................................................................................69 
 
16 Summary of the results from part one of the sensitivity analysis ..........................71 
 
viii
 
17 Summary of the results from part two of the sensitivity analysis..........................76 
 
18 Water level data for Well 1 from 18 July to 31 August 2006................................98 
 
19 Water level data for Well N2 from 18 July to 31 August 2006.............................99 
 
20 Water level data for Well N3 from 18 July to 31 August 2006...........................100 
 
21 Water level data for Well N4 from 18 July to 31 August 2006...........................101 
 
22 Water level change data for Well N5 from 29 July to 31 August 2006...............102 
 
23 Water level data for Well N6 from 18 July to 31 August 2006...........................103 
 
24 Water level data for Well N7 from 18 July to 31 August 2006...........................104 
 
25 Water level data for Well N8 from 18 July to 31 August 2006...........................105 
 
26 Water level data for Well N9 from 18 July to 31 August 2006...........................106 
 
27 Water level data for Well N10 from 18 July to 31 August 2006.........................107 
 
28 Water level data for Well E2 from 18 July to 31 August 2006 ...........................108 
 
29 Water level data for Well E3 from 18 July to 31 August 2006 ...........................109 
 
30 Water level data for Well E4 from 18 July to 31 August 2006 ...........................110 
 
31 Water level data for Well E5 from 18 July to 31 August 2006 ...........................111 
 
32 Water level data for Well E6 from 18 July to 31 August 2006 ...........................112 
 
33 Water level data for Well E7 from 18 July to 31 August 2006 ...........................113 
 
34 Water level data for Well E8 from 18 July to 31 August 2006 ...........................114 
 
35 Water level data for Well E9 from 18 July to 31 August 2006 ...........................115 
 
36 Water level data for Well MC1 from 18 July to 31 August 2006........................116 
 
37 Water level data for Well MC2 from 18 July to 31 August 2006........................117 
 
38 Marx Creek raw discharge data measured on 17 July 2006 ................................123 
 
39 Marx Creek raw discharge data measured on 2 July 2007 ..................................124 
 
ix
 
40 Well 1 slug test data.............................................................................................126 
 
41 Well N2 slug test data ..........................................................................................127 
 
42 Well N3 slug test data ..........................................................................................128 
 
43 Well N4 slug test data ..........................................................................................129 
 
44 Well N5 slug test data ..........................................................................................130 
 
45 Well N6 slug test data ..........................................................................................131 
 
46 Well N7 slug test data ..........................................................................................132 
 
47 Well N8 slug test data ..........................................................................................133 
 
48 Well N9 slug test data ..........................................................................................134 
 
49 Well N10 slug test data ........................................................................................135 
 
50 Well E2 pumping test data...................................................................................136 
 
51 Well E3 pumping test data...................................................................................138 
 
52 Well E4 pumping test data...................................................................................140 
 
53 Well E5 pumping test data...................................................................................142 
 
54 Well E6 pumping test data...................................................................................144 
 
55 Well E7 pumping test data...................................................................................146 
 
56 Well E8 pumping test data...................................................................................148 
 
57 Well E9 pumping test data...................................................................................150 
 
58 Well MC1 slug test data.......................................................................................152 
 
59 Well MC2 slug test data.......................................................................................153 
 
 
 
 
 
 
 
x
LIST OF FIGURES 
 
 
Figure               Page 
 
1 Marx Creek field site, located near Hyder, Alaska..................................................3 
 
2 Map of field site showing the location of the existing Marx Creek, the stream 
cells, and the proposed channel extension ...............................................................4 
 
3 Schematic cross-sectional diagram of groundwater flow within the  
 glacial valley ............................................................................................................6 
 
4 Map of field site, showing monitoring well locations .............................................8 
 
5 Map of field site, showing soil pit locations ..........................................................16 
 
6 Rectangular grid representing the unconsolidated glacial deposits .......................28 
 
7 Cross section of the model depicting two layers ...................................................31 
 
8 Relative ground surface elevations of layer one ....................................................32 
 
9 Boundary conditions applied to layer one of the Marx Creek Model....................34 
 
10 Hydraulic head calibration results under steady-state conditions..........................50 
 
11 Equipotential map based on water levels measured in the 20 monitor wells 
on 18 July 2006......................................................................................................52 
 
12 Equipotential map of the final model calibration simulation.................................53 
 
13 Grid showing the Marx Creek stream segments subdivided into individual  
zones ......................................................................................................................54 
 
14 Graph comparing model-calculated discharge values with discharges  
measured on 17 July 2006 and 2 July 2007 ...........................................................59 
 
15 Map of field site showing the location of the cells of the proposed stream 
extension ................................................................................................................61 
 
16 Groundwater elevation contour map of the calibrated Marx Creek model 
with the proposed stream extension.......................................................................66 
 
17 Soil test pit #1 ......................................................................................................119 
 
 
xi
18 Soil test pit #2 ......................................................................................................119 
 
19 Soil test pit #3 ......................................................................................................120 
 
20 Soil test pit #4 ......................................................................................................120 
 
21 Soil test pit #5 ......................................................................................................121 
 
22 Well 1 slug test analysis.......................................................................................126 
 
23 Well N2 slug test analysis....................................................................................127 
 
24 Well N3 slug test analysis....................................................................................128 
 
25 Well N4 slug test analysis....................................................................................129 
 
26 Well N5 slug test analysis....................................................................................130 
 
27 Well N6 slug test analysis....................................................................................131 
 
28 Well N7 slug test analysis....................................................................................132 
 
29 Well N8 slug test analysis....................................................................................133 
 
30 Well N9 slug test analysis....................................................................................134 
 
31 Well N10 slug test analysis..................................................................................135 
 
32 Well E2 pumping test analysis.............................................................................137 
 
33 Well E3 pumping test analysis.............................................................................139 
 
34 Well E4 pumping test analysis.............................................................................141 
 
35 Well E5 pumping test analysis.............................................................................143 
 
36 Well E6 pumping test analysis.............................................................................145 
 
37 Well E7 pumping test analysis.............................................................................147 
 
38 Well E8 pumping test analysis.............................................................................149 
 
39 Well E9 pumping test analysis.............................................................................151 
 
40 Well MC1 slug test analysis ................................................................................152 
 
 
xii
41 Well MC2 slug test analysis ................................................................................153 
 
CHAPTER I 
 
INTRODUCTION 
 
 
Statement of the Problem 
Marx Creek is a groundwater-fed, artificial salmon spawning stream near Hyder, 
Alaska that was constructed in the late 1980s in order to enhance the habitat of the 
atypically large chum salmon. Due to the success of Marx Creek, an extension was built 
in the early 1990s, lengthening the creek to approximately 1.1 miles. However, the 
extension has not shared the same success as the original channel. The Marx Creek 
extension was constructed adjacent to the Salmon River flood-control dike, and the 
proximity of the extension to the Salmon River has caused silty water to infiltrate through 
the dike. The infiltrated water then flows into the headwaters of Marx Creek, resulting in 
a turbid stream environment that is not conducive to chum salmon spawning.  
 A new 1,000-foot extension of Marx Creek was proposed by Tongass National 
Forest to the Pacific Salmon Commission. The new extension would be constructed 
approximately 500 feet east of the existing channel, and would connect with the existing 
Marx Creek at a point approximately 2,000 feet downstream of the headwaters of the 
existing channel. The location of the new channel would prevent the turbid water from 
reaching it, as the turbid water would flow into and settle out in the previously 
constructed Marx Creek extension. 
 
Purpose and Objectives 
 The purpose of the project is to assess the feasibility of constructing the proposed 
Marx Creek extension stream. The objectives of the project are to: (1) determine whether 
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the groundwater system can support both the existing Marx Creek and the proposed 
1,000-foot extension, (2) predict the effects on discharge in the proposed extension if the 
existing Marx Creek extension is removed, and (3) determine the effects of a drop in 
hydraulic head on discharge in the proposed extension. These objectives were 
accomplished through the creation of a MODFLOW (McDonald and Harbaugh, 1988) 
model of the Marx Creek field site. The final product is a groundwater model that 
includes the upper 16 stream cells of the existing Marx Creek and the proposed 
extension, and is calibrated to 2006 and 2007 steady-state conditions. The results of the 
project were used by Tongass National Forest to determine if the discharge in the 
proposed extension was conducive to salmon spawning. In addition, the results were used 
to aid in decisions regarding the possible elimination of the upper stream cells of the 
existing Marx Creek. If used properly, this model can be a valuable management tool for 
future decisions regarding the Marx Creek field site. 
 
Location 
 The existing Marx Creek is located approximately 4.5 miles north of Hyder, in 
southeast Alaska (Figure 1). The field site, as well as the surrounding area, is located 
within Tongass National Forest. The site is approximately 0.43 square miles in area, and 
is located immediately east of the Salmon River. Weirs divide Marx Creek into a series of 
cells, with each cell representing a drop in water stage of approximately one foot from the 
previous cell. The field site encompasses cells 1-16 of Marx Creek and the segment of the 
Salmon River that flows through the site (Figure 2). 
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Figure 2: Map of field site showing the location of the existing Marx Creek, the stream 
cells and the proposed channel extension. 
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Geologic and Hydrogeologic Setting 
Marx Creek is located within a glacial valley that is approximately 1 mile wide at 
the valley bottom. The valley walls are steep and rise up over 5,000 feet in relief. It is 
carved through granodiorite (Buddington, 1929), and layers of glacial till and outwash 
have been deposited on the valley floor.  
The primary direction of groundwater flow in the Salmon River valley follows the 
elongate orientation of the valley, in a north to south direction. However, there is also a 
component of flow from the valley margins to the center of the valley, which can be 
observed in the schematic diagram shown in Figure 3. The thickness of the glacial 
deposits at the field site is unknown, although creating a topographic profile of the glacial 
valley allowed for a rough thickness estimate of 150-200 feet to be made.  
The Salmon River is the primary source of recharge into the groundwater system 
at the field site, with infiltration of precipitation acting as a secondary source. The 
Salmon River is a braided stream that has a floodplain approximately 0.25 miles wide. 
The river is fed by meltwater from the Salmon Glacier, which is located approximately 
eight miles north of the field site. Approximately five miles downstream of the field site 
the Salmon River empties into the Portland Canal, which is a 70-mile long fjord that 
extends to the Pacific Ocean. Hyder receives 89.58 inches of precipitation per year, 21.06 
inches of which may be returned to the atmosphere through evapotranspiration (Patric 
and Black, 1968).
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CHAPTER II 
FIELD METHODS 
 
Monitor Well Installation 
 Twenty monitor wells were installed at the field site during the period from 27 
June through 15 July 2006 (Figure 4). Ten of the wells were installed along the Salmon 
River Road, along the eastern margin of the site. These wells were designated as the N-
series wells. Eight of the wells were installed along the southern margin of the site, along 
the narrow, dirt access road that runs parallel to and immediately north of the east-west 
trending segment of the Marx Creek extension channel. These eight wells were 
designated as the E-series wells. The final two monitor wells were installed in the 
northwestern portion of the field area, and were designated as the MC-series wells.  
 The wells were installed by digging down to the water table either by a backhoe 
or by hand and then driving a 3-foot long, 1-1/4-inch inside diameter (I.D.), stainless steel 
well point threaded onto one or two 5-foot sections of 1-1/4-inch I.D. black-iron pipe 3 
feet into the saturated zone using a manual fence-post driver. This resulted in the 
screened portion of the well point being driven completely below the water table into 
relatively undisturbed material. After driving the well point, the hole was backfilled with 
the material that was removed during construction of the well.  
The completion data for each of the twenty monitor wells are summarized in 
Table 1. The total depths of the wells ranged from 4.17 to 11.52 feet below the ground 
surface. It should be noted that the top-of-casing and surface elevations of the wells were  
 8
 
Figure 4: Map of field site, showing monitor well locations. 
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Table 1: Well-point completion data (all values are in units of feet). 
Well 
Number 
T.O.C.* 
Elevation 
(ft) 
Surface 
Elevation 
(ft) 
Stickup 
(ft) 
Total 
Depth (ft) 
B.O.S.* 
Elevation 
(ft) 
T.O.S.* 
Elevation 
(ft) 
Well 1 155.12 151.00 4.12 8.88 142.12 145.12 
N2 155.44 150.93 4.51 8.49 142.44 145.44 
N3 152.55 150.25 2.30 10.70 139.55 142.55 
N4 158.56 154.76 3.80 9.20 145.56 148.56 
N5 158.49 155.31 3.18 9.82 145.49 148.49 
N6 157.99 156.03 1.96 11.04 144.99 147.99 
N7 159.14 157.43 1.71 11.29 146.14 149.14 
N8 162.19 157.49 4.70 8.30 149.19 152.19 
N9 163.66 158.94 4.72 8.28 150.66 153.66 
N10 160.11 158.39 1.72 6.28 152.11 155.11 
E2 154.81 149.89 4.92 8.08 141.81 144.81 
E3 153.04 151.05 1.99 11.01 140.04 143.04 
E4 149.24 147.18 2.06 5.94 141.24 144.24 
E5 149.17 145.34 3.83 4.17 141.17 144.17 
E6 154.71 150.24 4.47 8.53 141.71 144.71 
E7 155.39 153.05 2.34 10.66 142.39 145.39 
E8 156.75 152.81 3.94 9.06 143.75 146.75 
E9 156.96 152.83 4.13 8.87 143.96 146.96 
MC1 164.94 161.48 3.46 4.54 156.94 159.94 
MC2 164.17 162.69 1.48 11.52 151.17 154.17 
* T.O.C. = Top of casing; B.O.S. = Bottom of screen; T.O.S. = Top of screen 
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surveyed and measured according to the relative elevation difference between each 
well and Well 1. The exact elevation at Well 1 could not be measured, so it has been 
assumed to be exactly 151 feet above mean sea level, based upon an estimate from 
Google Earth.  
The twenty monitor wells were used to collect two types of hydrogeologic data: 
(1) water level measurements, and (2) hydraulic conductivity measurements. These data 
are essential in determining whether the groundwater system will support the proposed 
channel extension. 
 
Water Levels 
 Two different instruments were used to measure the water levels in each of the 20 
monitor wells: (1) a steel surveying tape, which was the most reliable and accurate tool 
for measuring water levels, and (2) a Solinst Model 3001 Levelogger with a range of 15 
feet. 
 Water levels in each of the monitor wells were measured using the steel surveying 
tape on three separate occasions. The first set of measurements was taken on 18 July 
2006, the second set was taken on either 13 November or 16 December 2006, and the 
third set was taken on 5 July 2007 (Table 2). These data were used to adjust the water 
levels measured with the Leveloggers, which have a tendency to drift with time.  
Water level measurements were recorded in each of the monitor wells by the Levelogger 
twice daily, at 3:00 am and 3:00 pm. The data collected by the Leveloggers were used in 
two ways. First, the adjusted measurements were used to identify the maximum and 
minimum water levels in the wells between 19 July and 31 August 2006, which is  
 11
Table 2: Summary of steel tape water level measurements. 
Static Water Level Elevation (feet) Well 
Number 18-Jul-06 13-Nov-06 16-Dec-06 5-Jul-07 
Well 1 145.36 144.55 NM 145.39 
N2 146.26 145.19 NM 146.26 
N3 147.93 146.55 NM 147.87 
N4 148.59 147.43 NM 148.48 
N5 149.44 NM 148.16 148.70 
N6 149.83 NM 149.35 153.64 
N7 151.11 NM 151.14 150.84 
N8 153.35 NM 154.40 153.10 
N9 154.41 NM 156.11 154.13 
N10 156.53 NM 156.87 156.09 
E2 145.22 144.38 NM 145.20 
E3 144.86 144.02 NM 145.24 
E4 144.83 144.17 NM 144.84 
E5 144.80 144.16 NM 144.70 
E6 145.14 144.48 NM 145.02 
E7 145.88 145.15 NM 145.73 
E8 146.78 146.10 NM 146.62 
E9 147.75 146.83 NM 147.57 
MC1 161.01 NM 158.84 160.14 
MC2 159.42 NM 157.59 158.73 
NM = Not measured 
 
 
 
 
 
 
 
 12
typically when salmon spawning occurs. Second, the data were used to calibrate a 
three-dimensional groundwater flow model of the area. A complete list of daily water 
level elevations measured in the monitor wells between 18 July and 31 August 2006, as 
recorded by the Leveloggers, is presented in Appendix A. 
 
Hydraulic Conductivity 
 The hydraulic conductivity of the geologic material directly surrounding each 
well point was measured using one or both of two methods: (1) slug tests, and/or (2) 
constant-rate pumping tests. 
 Slug tests were performed on 16 of the 20 monitor wells from 6 July through 18 
July 2006 (Table 3). Slug tests were conducted by first measuring the static water level in 
the well. Water was then poured quickly into the well, and the decline in water level was 
measured with time until the static water level was reached. The slug tests ranged in 
duration from 21 to 697 seconds (Table 3). These data were then analyzed with the 
Bouwer and Rice (1976; Bouwer, 1989) method that is contained within version 4.01 of 
the computer software program AQTESOLV (Duffield, 2006).  
 The hydraulic conductivity of the geologic material in the vicinity of the E-series 
wells was high enough that when water was poured into each of the wells during the slug 
tests, the water level returned to the static level faster than measurements could be taken. 
Thus, it was necessary to perform constant-rate pumping tests on wells E2, E3, E4, E5, 
E6, E7, E8 and E9 where water levels were measured in the two adjacent wells using 
Solinst Model 3001 Leveloggers with a range of 15 feet. The pumping rate used for all of 
the pumping tests was 8.6 gallons per minute (gpm), which was the maximum rate of the 
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Table 3: Summary of slug and pumping tests. 
Well Number Test Date Test Duration Test Type Pumping Well 
Well 1 7/18/2006 379 seconds Slug   
N2 7/12/2006 38 seconds Slug   
N3 7/12/2006 280 seconds Slug   
N4 7/6/2006 110 seconds Slug   
N5 7/13/2006 493 seconds Slug   
N6 7/6/2006 90 seconds Slug   
N7 7/6/2006 70 seconds Slug   
N8 7/6/2006 690 seconds Slug   
N9 7/13/2006 697 seconds Slug   
N10 7/13/2006 125 seconds Slug   
7/12/2006 53 seconds Slug   E2 7/15/2006 104 minutes Pumping E3 
7/6/2006 33 seconds Slug   E3 7/18/2006 101 minutes Pumping E4 
E4 7/15/2006 104 minutes Pumping E3 
E5 7/14/2006 109 minutes Pumping E6 
7/12/2006 21 seconds Slug   E6 7/15/2006 101 minutes Pumping E7 
E7 7/14/2006 109 minutes Pumping E6 
E8 7/13/2006 105 minutes Pumping E7 
7/6/2006 59 seconds Slug   E9 7/18/2006 102 minutes Pumping E8 
MC1 7/14/2006 40 seconds Slug   
MC2 7/14/2006 356 seconds Slug   
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centrifugal pump. The distance between the pumping and observation wells was 
assumed to be 125 feet, which was the spacing between them when their locations were 
initially flagged and staked for the backhoe. The data obtained from the constant-rate 
pumping tests were analyzed using the Theis (1935) method, with a correction for 
unconfined conditions, as contained within version 4.01 of the AQTESOLV (Duffield, 
2006) software program.  
 By using AQTESOLV, the slug and pumping test data for each of the wells were 
converted into values of either hydraulic conductivity or transmissivity, depending on 
which method was used to analyze the data. Because the Theis (1935) method provides 
transmissivity values, it was necessary to divide the results by the saturated aquifer 
thickness in order to obtain a hydraulic conductivity value for the well.  
In order to analyze slug and pumping test data with the Bouwer and Rice (1976) 
method and the Theis (1935) method it was necessary to assign a saturated thickness for 
the aquifer being tested. A saturated thickness of three feet was assigned to analyze the 
slug and pumping test data. Although the shallow aquifers of the field site are of variable 
composition and unknown thickness, a saturated thickness of three feet was used because 
the well points are three feet long and groundwater flow, most likely, is primarily 
horizontal.  
 
Soil Pits 
In order to help determine the stratigraphy of the glacial deposits beneath the 
Marx Creek field site, thereby providing insight into the hydraulic conductivity 
distribution, soil pit data were collected. In the summer of 2008, Robert Gubernick, an 
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engineering geologist for the Tongass National Forest, dug and logged five soil pits in 
the field area (Figure 5). The pits were dug along the path of the proposed stream 
extension. Soil pit #4 is located near the headwaters of the proposed stream extension, 
whereas soil pit #5 is located north of the headwaters by approximately 150 feet. The logs 
of the soil pits are presented in Appendix B. The soil pit data indicate that the glacial 
deposits near the soil pits primarily consist of sand and gravel, which most likely 
represents glacial outwash. 
 
Discharge 
 The discharge of the existing Marx Creek extension was measured on two 
separate occasions, 17 July 2006 and 2 July 2007. On 17 July 2006, 16 discharge 
measurements were taken, one each at weirs 1, 2, 4, 5, 6, 7, 9, 11, 12, 13, 15, 16, 18, 20, 
22 and 25, and on 2 July 2007 discharge measurements were taken at weirs 1-15. 
The velocity of the water flowing through each weir was measured using a Marsh 
McBirney Flo-Mate portable flowmeter, and the cross-sectional area of the water column 
was measured as it flowed through the notch using a fiberglass measuring tape. The 
cross-sectional area of the water column was obtained by multiplying the width of the 
notch by the height of the water column. The flow velocity was then multiplied by the 
cross-sectional area of the water column to calculate the discharge. Several of the weirs 
had water flowing over the top of the weir in addition to through the notch, in which case 
velocity and cross-sectional area measurements were taken at several locations along the 
top of the weir as well as at the notch. A complete list of the raw measurements used to 
calculate discharge is included in Appendix C. 
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Figure 5: Map of field site, showing soil pit locations. 
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Channel Dimensions 
 The existing Marx Creek extension was constructed so that the streambed in each 
of the stream cells is nearly horizontal, with each weir between cells creating an 
approximately one-foot drop in streambed elevation from the previous stream cell. On 3 
July 2007 the difference in streambed elevation between adjacent stream cells in the 
existing Marx Creek was measured for the upper 16 stream cells using standard 
engineering surveying equipment. Only one survey point was taken at each stream cell 
because of the horizontal nature of the streambed.  
In addition to measuring the difference in streambed elevations, the stream width 
and water depth measurements were also taken on 3 July 2007 in each of the upper 16 
stream cells using a measuring tape. Within a given stream cell the width and depth of the 
stream remained fairly constant. Width measurements were taken across the stream at a 
location approximately half-way between the upstream and downstream weirs of the 
stream cell, and depth measurements were taken at the same location in the center of the 
stream. The streambed elevations, stream widths and water depths were all necessary to 
accurately calibrate the groundwater model with the discharge data from the existing 
Marx Creek.  These measurements are presented in Table 4. 
Finally, the relative stream stage elevation difference of the Salmon River in 
relation to the existing Marx Creek was measured at two points along the river. This was 
done because these measurements are important in building an accurate groundwater 
model. The two Salmon River stream stage elevation points were measured on 3 July 
2007. The first measurement was taken in the Salmon River at a point directly west of the 
middle of stream cell two in the existing Marx Creek. The second measurement was 
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Table 4: Summary of existing Marx Creek stream dimensions as measured on 3 July 
2007. 
 
Cell Width (ft) Depth (ft) Streambed Elevation Change (ft) 
1 15.7 0.69 N/A 
2 19.4 0.49 -1.02 
3 20.2 0.70 -1.14 
4 18.5 0.50 -0.69 
5 19.3 0.67 -1.23 
6 18.3 0.89 -1.20 
7 20.3 1.27 -0.72 
8 17.9 1.53 -1.67 
9 21.7 1.22 -0.61 
10 21.8 1.16 -1.11 
11 22.2 1.22 -1.12 
12 26.5 1.48 -0.93 
13 41.8 0.98 -0.72 
14 23.0 0.84 -1.30 
15 27.1 1.33 -2.16 
16 25.2 0.99 -1.23 
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taken in the Salmon River at a point approximately 100 feet south and due west of well 
E9. These elevations were measured relative to the streambed elevation of stream cell one 
in the existing Marx Creek. The first stream stage elevation measured was 1.74 feet lower 
and the second stream stage elevation measured was 7.24 feet lower than the streambed 
elevation of stream cell one in the existing Marx Creek. 
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CHAPTER III 
FIELD RESULTS 
Water Level Results 
 Although twice-daily water levels were recorded for nearly a year, the most useful 
data were recorded between 19 July and 31 August 2006. Mid-July to the beginning of 
September is typically the time of year when chum salmon spawn in Marx Creek 
(Tongass National Forest, 2009), so the groundwater model was created based on data 
obtained during this time frame.  
A list of the maximum and minimum water levels recorded in the monitor wells 
between 19 July and 31 August 2006 is presented in Table 5. Well N5 is not included in 
Table 5 because its Levelogger was not installed until 29 July 2006. In addition, it is 
important to note that the Levelogger readings on 19 July 2006 for wells E3, E7 and E9 
were calibrated to the steel tape measurement taken on 18 July 2006 and the average drop 
in water level in the adjacent wells during the intervening day, which was approximately 
0.2 feet. This was done in order to calculate the Levelogger drift that occurred in these 
three wells.   
Between 19 July and 31 August 2006, groundwater fluctuations recorded in the 
monitor wells ranged between 0.65 to 2.16 feet, with an average fluctuation of 1.06 feet. 
The greatest fluctuations occurred in the northernmost monitor wells.  Groundwater 
fluctuations greater than one foot only occurred in the five northernmost monitor wells, 
while the remainder of the wells recorded fluctuations of one foot or less. The E-series 
wells recorded the lowest groundwater fluctuations, ranging between 0.65 to 0.74 feet. 
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Table 5: Summary of maximum and minimum water levels recorded in the monitor 
wells between 19 July and 31 August 2006. 
 
Well 
Number 
Maximum/Minimum 
Water Level Date 
Water Level 
Elevation (ft) 
Maximum/Minimum 
Difference (ft) 
Max. 7/27/2006 145.76 Well 1 Min. 8/8/2006 144.85 0.91 
Max. 7/27/2006 146.58 N2 Min. 8/8/2006 145.74 0.84 
Max. 7/27/2006 148.26 N3 Min. 8/8/2006 147.34 0.92 
Max. 7/27/2006 148.90 N4 Min. 8/7&8/2006 148.02 0.88 
Max. 7/27/2006 150.08 N6 Min. 8/28/2006 149.09 0.99 
Max. 7/27&28/2006 151.31 N7 Min. 8/28/2006 150.31 1.00 
Max. 8/31/2006 153.89 N8 Min. 8/27&28/2006 152.71 1.18 
Max. 8/30&31/2006 155.73 N9 Min. 8/28/2006 153.57 2.16 
Max. 8/30/2006 157.09 N10 Min. 8/27/2006 155.23 1.86 
Max. 7/23&27/2006 145.45 E2 Min. 8/7/2006 144.73 0.72 
Max. 7/21/2006 145.05 E3 Min. 8/7&8/2006 144.40 0.65 
Max. 7/21/2006 144.98 E4 Min. 8/7/2006 144.31 0.67 
Max. 7/21/2006 144.97 E5 Min. 8/7/2006 144.32 0.65 
Max. 7/21/2006 145.33 E6 Min. 8/7&8/2006 144.68 0.65 
Max. 7/21/2006 146.10 E7 Min. 8/7/2006 145.43 0.67 
Max. 7/21/2006 146.99 E8 Min. 8/7/2006 146.31 0.68 
Max. 7/21&23/2006 147.99 E9 Min. 8/7/2006 147.25 0.74 
Max. 7/23/2006 161.59 MC1 Min. 8/27&28/2006 159.54 2.05 
Max. 7/23/2006 159.97 MC2 Min. 8/28/2006 158.12 1.85 
Average       1.06 
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Slug and Pumping Test Results 
Hydraulic conductivity estimates from the analysis of the slug and pumping test 
data were used to help determine the type of material (till or outwash) that each well 
point was screened into in order to provide appropriate hydraulic conductivity values for 
the model. A summary of the slug and pumping test results is included in Table 6, and the 
raw test data, along with the resulting graphs, are included in Appendix D. In general, the 
hydraulic conductivity of the N-series and MC-series wells was significantly lower than 
that of the two E-series wells. The hydraulic conductivity of the N-series and MC-series 
wells ranged between 0.6 and 17 feet/day, whereas the hydraulic conductivity of the two 
E-series wells was 1,200 and 1,400 feet/day.   
The hydraulic conductivity values for wells E2, E3, E4, E6, E8 and E9 are not 
included in Table 6, although each of the E-series wells were used as an observation well 
during at least one pumping test. They are not included in Table 6 because, during the 
pumping tests, the water levels in these wells changed by less than or slightly greater than 
0.01 feet, which is the error margin for the Leveloggers. 
 
Stratigraphic Interpretation 
 It was possible to interpret the stratigraphy of the glacial deposits within the 
Salmon River valley based on the slug and pumping test results and on observations 
made while installing the monitor wells and digging the soil pits. The slug and pumping 
test results indicate that the N-series and MC-series wells are screened in relatively 
impermeable material, whereas the E-series wells are screened in highly permeable 
material. It is likely that the small drawdowns recorded in wells E2, E4, E6, E8 and E9  
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Table 6: Summary of hydraulic conductivity values measured at wells. 
Well 
Number 
Hydraulic Conductivity 
(feet/day) 
Well 1 5 
N2 15 
N3 1 
N4 3 
N5 0.6 
N6 10 
N7 11 
N8 2 
N9 0.6 
N10 10 
E5 1,400 
E7 1,200 
MC1 17 
MC2 3 
 
during the pumping tests were caused by the very high hydraulic conductivity of the 
material that the E-series wells are screened into.  
In addition, it was observed that the geologic material encountered during 
installation of the N-series and MC-series wells was different from the material 
encountered during installation of the E-series wells. The sediment encountered while 
installing the N-series and MC-series wells was primarily non-stratified, unsorted, clay- 
to boulder-sized sediment, which is typical of glacial till, whereas the material 
encountered during installation of the E-series wells was primarily stratified sand- and 
gravel-sized sediment, which is typical of glacial outwash. This corresponds with the 
results of the slug and pumping tests, because till has a significantly lower permeability 
than outwash.  
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Finally, the five soil pits that were dug along the path of the proposed extension 
stream indicated that the primary geologic material encountered from the ground surface 
to a depth of 6 to 9.5 feet was sand- and gravel-sized sediment, which is most likely 
outwash. Overall, based on the aforementioned test results and observations, it is likely 
that the N-series and MC-series wells are screened in till, whereas the E-series wells are 
screened in outwash. In addition, it is likely that the geologic material beneath the path of 
the proposed stream extension is outwash.  
It is necessary to reconstruct the depositional history of the Salmon River valley 
in order to understand the stratigraphy of the glacial deposits. As the Salmon glacier 
advanced and retreated during the Pleistocene, it would have deposited alternating layers 
of till and outwash. During its final advance a layer of till would have been deposited 
across the valley. As the glacier then retreated, meltwater streams would have deposited 
outwash overlying the till layer, while possibly eroding away some of the till where 
stream flow was greatest. The location and thickness of the outwash deposits would 
depend on the location and extent of the meltwater stream channels. Outwash deposits 
would be thickest where stream flow and subsequent depositional activity was 
concentrated, and thinnest where stream flow was minimal.  
At the Marx Creek field site it is possible that a layer of outwash was deposited 
and is thickest near the center of the valley, overlying a layer of glacial till, and pinches 
out toward the valley margins. Typically, outwash deposits are thickest near the center of 
a glacial valley, while they tend to thin out or become non-existent toward the valley 
margins (Flint, 1957). Although the thickness of the outwash layer is variable and 
unknown, it can be inferred that around the E-series wells it is at least as thick as the 
 25
depths of the wells, and along the path of the proposed stream extension it is at least as 
thick as the depths of the soil pits. East of the E-series wells the outwash layer pinches 
out to the extent that the screened intervals of the N-series wells extend into the till layer, 
beneath the outwash layer. Regarding the MC-series wells, which are located toward the 
center of the valley but appear to be screened in till, it is possible that there was a low 
level of meltwater stream activity in the vicinity of these two wells, resulting in the 
deposition of an outwash layer that is thinner than the depth of the MC-series wells.  
 
Discharge Results 
 A list of the discharge values measured at weirs 1-16 in July of 2006 and 2007 is 
presented in Table 7. The total discharge measured at weir 15 in July 2006 was 115% of 
the discharge measured in July 2007. However, the discharges measured at weirs 2, 4, 5, 
6, 7, 9, 11, 12 and 13 in July 2006 ranged from 179% to 235% of the discharges 
measured in July 2007. In general, the water height above the bottom of the weir notches 
and the flow velocities measured in 2006 were significantly higher than in 2007, with the 
flow velocities being the most notably increased (see Appendix C). It is possible that the 
large discrepancy between the 2006 and 2007 discharge measurements is due to 
measurement error. A field assistant measured the 2006 measurements, whereas the same 
assistant and myself measured the 2007 measurements. Although the 2006 measurement 
data were double-checked and proved to be correct, it is possible that an error occurred 
while taking the measurements. The reason why it is believed that the 2006 
measurements are erroneous, as opposed to the 2007 measurements, is discussed in the 
calibration section of CHAPTER V. 
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Table 7: Summary of Marx Creek discharge from July 2006 and 2007. 
Stream Cell Discharge Measured in July 2006 (ft3/day) 
Discharge Measured 
in July 2007 (ft3/day) Percentage Difference 
1 31,086 26,011 +20% 
2 97,461 54,417 +79% 
3 Not Measured 44,693 N/A 
4 181,976 84,850 +114% 
5 273,294 125,693 +117% 
6 314,340 169,911 +85% 
7 401,940 217,783 +85% 
8 Not Measured 191,238 N/A 
9 412,373 184,417 +124% 
10 Not Measured 192,750 N/A 
11 484,704 208,518 +132% 
12 524,033 237,064 +121% 
13 625,815 265,789 +135% 
14 Not Measured 714,874 N/A 
15 975,330 846,763 +15% 
16 972,000 Not Measured N/A 
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CHAPTER IV 
MODEL CREATION 
 
 
Visual MODFLOW (Waterloo Hydrogeologic, Inc., 2006) is a graphical interface 
for the MODFLOW code (McDonald and Harbaugh, 1988), which is a modular, three-
dimensional, finite-difference, groundwater-flow model. Visual MODFLOW version 4.2 
has been used to simulate flow in the groundwater system in the saturated, 
unconsolidated glacial deposits of the Marx Creek field site. The model simulates 
unconfined conditions, areal recharge, evapotranspiration, and seepage to and from 
streams. The governing flow equations of the MODFLOW code are displayed in 
Appendix E. 
 
Discretization of the Groundwater System 
When creating a numerical groundwater model it is necessary to discretize the 
study area into a rectangular grid composed of cells. The saturated, unconsolidated 
glacial deposits that fill in the Salmon River valley have been sub-divided into a grid that 
is composed of 38 rows, 32 columns, and two layers, resulting in a total of 2,432 grid 
cells (Figure 6). The cells range in size from 57 to 97 feet north-south by 55 to 117 feet 
east-west. The model area is 2,700 feet north-south by 2,500 feet east-west. Because of 
the large size of the glacial valley and the focus of data collection near Marx Creek in the 
center of the valley, the area included within the grid does not extend across the entire 
width of the valley.  
Gridline spacing should be determined according to the availability of data and 
the locations within the model where numerous output calculations are desired. In areas 
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Figure 6: Rectangular grid representing the unconsolidated glacial deposits. The numbers 
on the axes represent the length and width of the model in units of feet.  
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of the model where data are abundant and numerous output calculations are necessary, 
gridlines should be spaced close together, whereas in areas where data are scarce and 
numerous output calculations are not necessary, gridlines may be spaced further apart. 
Therefore, the gridlines in the model are closely spaced around the monitoring wells and 
the existing Marx Creek because there are abundant water level and discharge data at 
these locations. Elsewhere, the gridlines are spaced further apart. 
All of the cells in the groundwater model have been assigned as active, which 
allows them to transmit groundwater. Although the consolidated bedrock that forms the 
margins of the glacial valley would ordinarily be assigned as inactive, the size of the 
simulated model area is too small to extend to the valley margins. Therefore, the cells on 
the easternmost and westernmost columns of the model have been assigned a more 
appropriate boundary condition that will be discussed in the next section. It was not 
necessary to assign any cells as inactive to simulate the relatively impermeable 
granodiorite bedrock of the valley floor because the Visual MODFLOW program 
automatically assigns the boundary beneath the bottommost layer as inactive.  
 The numerical model is based upon a conceptual model (Figure 3) that was 
developed based on field observations and measurements, and on knowledge of basic 
hydrogeologic concepts. The hydrogeologic nature of a basin with impermeable side and 
bottom boundaries, such as the Salmon River valley, tends to result in upward flow near 
the center of the valley (Schwartz and Zhang, 2003). Upward flow is especially likely to 
exist at the Marx Creek field site because the lowest elevations in the Salmon River 
valley are located in the center of the valley. It is recommended that if there are 
significant vertical head gradients, such as in the Salmon River valley, two or more 
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model layers should be used to represent a single hydrostratigraphic unit (Anderson 
and Woessner, 2002). Therefore, it was necessary to simulate the field area using two 
layers, with the bottom layer having an assigned hydraulic head that would provide 
upward flow (Figure 7). In reality, the stratigraphy of glacial deposits is highly variable 
and complex, but only two layers were used in the model because of a lack of 
sratigraphic information. 
Layer one simulates an unconfined aquifer. The thickness of the layer was set at a 
constant 75 feet. Because the relative thickness of layer one to layer two holds no real 
significance in the Marx Creek model, a constant layer thickness of 75 feet was chosen to 
aid in model stability, as this is roughly half the estimated thickness of the Salmon River 
valley glacial deposits. Large thickness changes between adjacent layers can result in 
model instability and solution non-convergence, and this was avoided by assigning a 
layer one thickness that was nearly half the total thickness of the model.  
The upper elevations for the layer one cells were assigned based on the 20 ground 
surface elevation measurements taken at the monitor wells (Table 1). This was done 
using the Kriging method of data interpolation, which is included within the Visual 
MODFLOW version 4.2 program. The only cells that were manually assigned elevations 
were cells representing the existing Marx Creek and the Salmon River, which were 
adjusted based on their surveyed elevation points. Figure 8 displays the relative ground 
surface elevations of layer one. 
The highest ground surface elevations in layer one exist in the northern portion of 
the grid, and are approximately 167 feet. The lowest ground surface elevation in layer 
one, which is a Marx Creek streambed elevation, exists in the southern portion of the  
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Figure 7: Cross section of the model depicting two layers. The numbers on the vertical 
and horizontal scales represent the depth and width of the model in units of feet. Note: 
the lower of the closely spaced lines in the western portion of the figure represents the 
ground surface elevation, whereas the upper line represents a superficial overlay box 
imposed by Visual MODFLOW. 
 
grid, and is approximately 141 feet. Because the bottom of the model is horizontally 
located at 0 feet above mean sea level, the total model thickness at a location is equal to 
the ground surface elevation. Therefore, the total thickness of the model varies between 
167 feet and 141 feet.  
Because of a lack of confining units in the model, layer two also simulates an 
unconfined aquifer. The thickness of layer two cells are equal to the upper elevation of 
the adjacent layer one cells minus 75 feet; thus, the thickness of the layer ranges between 
92 feet and 66 feet. 
 
Boundary Conditions 
After creating a model grid it is necessary to assign boundary conditions. It is 
important to assign appropriate boundary conditions to a model so that it accurately 
simulates the hydrologic conditions along the margins. If this is not done correctly the 
flow into and out of the model may be significantly different than that of the actual site 
being modeled, making calibration difficult or impossible. 
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Figure 8: Relative ground surface elevations of layer one. The scale is gradational, with 
dark colors representing higher elevations and light colors representing lower elevations. 
The numbers on the axes represent the length and width of the model in units of feet. 
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The boundary conditions have been assigned as follows: 
No-flow boundaries 
• Between the unconsolidated glacial deposits and the granodiorite bedrock 
underlying the glacial valley  
Specified-flux boundaries 
• Infiltration from precipitation 
Head-dependent flux boundaries 
• Seepage to streams 
• Seepage from streams 
• Evapotranspiration 
Constant-head boundaries 
• Between the unconsolidated, saturated glacial deposits within the modeled 
region and the unconsolidated, saturated glacial deposits that surround the 
modeled region 
• Between the unconsolidated glacial deposits of layers one and two 
 
Layer one of the Marx Creek model includes four constant head boundaries, a 
stream boundary, and a recharge and evapotranspiration boundary. Layer two includes a 
constant head boundary that encompasses the entire layer in order to simulate upward 
flow into layer one. 
 
Constant Head Boundaries 
The northern, southern, eastern and western boundaries of the model are assigned 
as constant head boundaries (Figure 9). A constant head boundary condition is used to  
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Figure 9: Boundary conditions applied to layer one of the Marx Creek model. All 
boundary cells on the margins of the model represent constant head boundaries. The 
linear boundary cells in the interior of the grid represent Marx Creek. The numbers on the 
axes represent the length and width of the model in units of feet. 
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assign a head value in selected grid cells that remains unchanged throughout the 
simulation, regardless of the system conditions in the surrounding grid cells, thus acting 
as an infinite source of water entering the system, or as an infinite sink for water leaving 
the system (Waterloo Hydrogeologic Inc., 2006). In order to provide a source of inflow to 
the model, the northern and eastern constant head boundary cells have been assigned 
higher hydraulic heads than their adjacent non-boundary cells, thus providing a source of 
subsurface inflow. In order to provide a source of outflow from the model, the southern 
constant head boundary cells have been assigned lower hydraulic heads than their 
adjacent non-boundary cells, thus providing a source of subsurface outflow. The western 
constant head boundary cells have been assigned hydraulic heads that are comparable to 
their adjacent non-boundary cells. 
The boundary types and their locations were based on the conceptual model 
developed for the field site (Figure 3), whereas the numerical values assigned to the 
boundary cells were based on an interpolation of water level data measured in the 20 
monitor wells with a steel tape on 18 July 2006 (Table 2). The 20 water level data points 
were interpolated using the Kriging method.  
The northern constant head boundary represents inflow from the Salmon River 
and precipitation that has infiltrated into the groundwater system at a point that is 
upgradient and to the north of the model area. The constant head cells that comprise the 
northern margin of the model have hydraulic head values that range, from west to east, 
from 163.52 to 162 to 163 feet. The head values are highest on the western end of the 
northern margin, which represents the Salmon River stream stage, and decrease linearly 
to 162 feet, slightly to the east of the center of the northern boundary. From the location 
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of the 162-foot water level elevation, values increase linearly to 163 feet at the eastern 
end of the northern margin. 
The eastern constant head boundary represents inflow from precipitation that has 
infiltrated into the groundwater system at a point that is upgradient and to the east of the 
model area. Much of the inflow to the east of the study area is from infiltration of runoff 
from the mountainous terrain. The constant head cells that comprise the eastern margin of 
the model have hydraulic head values that range between 163 and 141 feet. The highest 
head values along the eastern boundary exist at the northern end of the boundary, with 
head values becoming smaller toward the south. The range of head values along the 
eastern margin of the model is larger than the range of head values along the northern 
margin of the model because the eastern margin, like the western margin, trends in the 
same general direction as that of the groundwater flow, whereas the northern margin runs 
relatively perpendicular to the direction of groundwater flow. Therefore, it is necessary 
that the change in head values between adjacent boundary cells is greater along the 
eastern and western margins than along the northern margin. 
The western constant head boundary represents the Salmon River. The hydraulic 
head assigned to a given constant head boundary cell along the western margin represents 
the stream stage elevation of the Salmon River. The stream stage elevation measurements 
taken at the northern and southern reaches of the Salmon River on 3 July 2007 were used 
to assign hydraulic head values to the boundary cells. The hydraulic head values along 
the western boundary range from 163.52 to 149.37 feet, and are based on the Salmon 
River water levels measured at the northern and southern reaches. Boundary values 
between the northern and southern Salmon River data collection points were interpolated 
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linearly. Like the eastern boundary, the highest head values along the western 
boundary exist at the northern end of the boundary, with heads becoming lower to the 
south. 
The hydraulic head values along the southern boundary range, from west to east, 
from 149.37 to 139 to 141 feet. The westernmost cell of the southern boundary, which 
represents the southernmost extent of the Salmon River in the model, has a head value of 
149.37 feet. From this cell the head values decrease eastward to a value of 139 feet, 
which has been assigned to the constant head boundary cells surrounding the Marx Creek 
stream cell on the southern model margin. Then the head values increase eastward, with 
the easternmost constant head cell along the southern margin having a hydraulic head 
value of 141 feet. 
 
Stream Cell Boundary 
To represent the existing Marx Creek, a stream boundary was assigned based on 
discharge and stream stage measurements. The purpose of a stream boundary is to 
account for the amount of flow in a stream, and to simulate the interaction between 
surface streams and groundwater (Waterloo Hydrogeologic, Inc., 2006). Seepage into a 
stream is a head-dependent flux, as the amount of seepage is dependent on the head 
values of the surrounding groundwater system. Stream boundaries can be subdivided into 
stream segments, where each segment represents a reach of the stream. The model 
contains cells 1-16 of Marx Creek, with each of the 16 Marx Creek stream cells defining 
an individual stream segment. 
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For each stream segment it is necessary to specify numerous conditions that 
will allow the model to accurately simulate the interaction between the stream and the 
groundwater system. The inputs that are necessary include the time period for which the 
stream conditions will be applied to the model simulation, the stage at both the start and 
end of the segment, the elevation of the streambed top and bottom at the start and end of 
the segment, the width of the stream at the start and end of the segment, the flow entering 
the first reach of the segment, and the vertical hydraulic conductivity of the streambed 
material. 
The inputs for the stream segments have been assigned in the following ways. The 
time period for which the stream conditions were assigned is not important for discharge 
calibration because of the steady-state nature of the model, but have been arbitrarily set at 
351.5 days, which is the period of time that water levels were recorded in the monitor 
wells (from 3:00 pm on 18 July 2006 to 3:00 am on 5 July 2007).  
In order to assign stream parameter values to the start and end of each stream 
segment, a combination of data measurements and calibration simulations were used. 
Measurements of the relative difference in streambed elevations between adjacent cells 
measured on 3 July 2007 (Table 4) were used to determine the elevation differences 
between the streambeds of adjacent stream segments. After determining the relative 
elevation differences between adjacent stream segments it was necessary to assign actual 
streambed elevation values to each segment. In order to do this, numerous calibration 
simulations were run to determine elevations that most accurately reproduced the 
discharge values that were measured in the field.  
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It is important to note that although in reality Marx Creek is subdivided into 
stream cells, with each of the cells having a flat streambed, the stream was modeled 
without the abrupt streambed elevation drop that occurs between the stream cells. 
Therefore, streambed elevation and stream width at the start position of each stream cell 
was assigned by averaging the value from that cell with its upstream cell, whereas these 
parameters were assigned at the end position of each stream cell by averaging the value 
from the cell with its downstream cell. The values assigned to the stream cells are 
discussed in further detail in CHAPTER V.  
After assigning a streambed top elevation to the start and end of each stream 
segment it was necessary to assign a streambed bottom elevation to the start and end of 
each stream segment. The streambed bottom elevation for the Marx Creek stream cells is 
equal to the difference between the streambed top and the streambed thickness. The 
streambed thickness for all of the stream segments was assumed to be 0.5 feet.  
After assigning the streambed top and bottom elevations it was necessary to 
assign a stream stage value to the start and end of each stream segment. The stream stage 
elevations for the stream cells of the Marx Creek Model were assigned by adding the 
streambed top elevation to the water depth measured in each of the stream cells (Table 4). 
The width values assigned to the stream segments were also assigned based on stream 
width measurements taken on 2 July 2007.  
The vertical hydraulic conductivity (Kv) of the streambed material, which is 
composed primarily of gravel-sized sediment, was assumed to be 100 feet/day. Because 
this parameter was not measured in the field it was necessary to estimate it based on 
typical, horizontal hydraulic conductivity (Kh) values for gravel-sized sediment and an 
 40
estimated Kv to Kh anisotropic ratio of 0.1. An anisotropic ratio of 0.1 was used 
because, in alluvial sediments, the Kv to Kh anisotropic ratio typically ranges between 0.1 
and 0.5 (Todd, 1980). According to Back et al. (1988), the Kh of gravel-sized sediment 
typically ranges between 10 and 1,000 meters/day (32.8 to 3,280 feet/day). Assuming a 
vertical to horizontal anisotropic ratio of 0.1, the vertical hydraulic conductivity of the 
gravel streambed ranges between 3.28 and 328 feet per day. Several simulations were run 
where the vertical hydraulic conductivity values were adjusted to values within this 
range, and ultimately a value of 100 feet/day was determined to be an adequate 
representation of the actual vertical hydraulic conductivity of the streambed material.   
The model was programmed to calculate the inflow into individual stream 
segments, aside from the first stream segment, where a value must be assigned. Because 
stream cell one is the beginning of Marx Creek, an inflow value of 0 ft3/day was assigned 
to the cell, as there is no upstream flow entering the cell.  
 
Recharge and Evapotranspiration Boundaries 
 Recharge and evapotranspiration boundary conditions have been applied to the 
surface layer of the model. A recharge boundary condition is used to simulate surficially 
distributed recharge to the groundwater system, and is most commonly used to simulate 
rainwater infiltration into the groundwater system (Waterloo Hydrogeologic, Inc., 2006). 
The recharge boundary condition only represents rainwater that has infiltrated into 
the groundwater system. In order to determine the amount of rainwater that infiltrates into 
the groundwater system each year it was necessary to find the total annual rainfall at 
Hyder, Alaska, which is approximately 89.58 inches/year (Patric and Black, 1968). It was 
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then necessary to multiply the total rainfall value by a percentage of the rainfall that 
infiltrates into the groundwater system. As a general rule, approximately 5% to 20% of 
rainfall infiltrates into the groundwater system at a particular location (Waterloo 
Hydrogeologic, Inc., 2006). Based on the permeable nature of the sediment and the 
relatively low slope angle of the ground surface, an estimate on the higher end of the 5% 
to 20% infiltration range was made, and it was assumed that 15% of the total annual 
rainfall infiltrates into the groundwater system. Therefore, a total recharge rate of 13.44 
inches/year was applied to the entire surface of layer one, and was applied throughout the 
entire simulation.  
 In addition to a recharge boundary, an evapotranspiration boundary has been 
applied to the surface layer of the model. An evapotranspiration boundary is used to 
simulate the effects of plant transpiration, direct evaporation and seepage to the ground 
surface by removing water from the saturated groundwater regime (Waterloo 
Hydrogeologic, Inc., 2006). In order to enter an evapotranspiration boundary into the 
model it is necessary to input an evapotranspiration rate and an extinction depth. The 
evapotranspiration rate is the maximum potential evapotranspiration rate, which usually 
happens when the water table reaches the ground surface (Anderson and Woessner, 
2002). The extinction depth is the depth below which evapotranspiration is negligible. 
Based on potential evapotranspiration measurements in Hyder, Alaska, an 
evapotranspiration rate of 21.06 inches/year was input into the model (Patric and Black, 
1968), and an assumed extinction depth of 10 feet was input to the model.  
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Layer Two Constant Head Boundary 
 A constant head boundary was applied to all of the layer two cells in order to 
simulate upwelling to layer one. It was necessary to add a layer two constant head 
boundary because of the lack of stratigraphic information for the Salmon River valley. In 
order to naturally simulate upward flow in MODFLOW without adding a layer-wide 
constant head boundary it is necessary to assign several model layers. The reason for this 
is that without at least three model layers the lack of vertically stacked nodes throughout 
the model results in the absence of a calculation either above or below the node of a grid 
cell. As a result, the possible directions of flow are restricted in a model with less than 
three layers, and MODFLOW is not able to accurately represent the upward or downward 
flow movement occurring in a system. Because it was not possible to accurately assign 
several layers to the Marx Creek model, due to the unknown nature and locations of 
depositional contacts, two layers with identical hydraulic property values were assigned, 
thus making it necessary to assign a layer two constant head boundary in order to 
simulate upward flow. 
Visual MODFLOW allows the user to assign constant head values to a column or 
row of cells with minimal inputs. This is done by specifying a head value only at the first 
and last cell of a column or row of cells. Then the Visual MODFLOW program, 
according to the number of cells and the starting and ending cell values, linearly 
interpolates the head values of the remaining grid cells. This method of linear 
interpolation was used to assign constant head values to the columns of layer two.  
The northernmost cell in each column was assigned a head value, and the 
southernmost cell in the same column was also assigned a head value. The difference in 
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the hydraulic head values assigned to the northernmost and southernmost cells, for all 
of the columns of the model, was 18 feet, resulting in a constant head gradient of 0.007. 
A layer two constant head gradient of 0.007 was chosen to approximate the layer one 
water level gradient, which varies from 0.005 on the west to 0.008 on the east. For most 
of the columns, the constant head values assigned to the layer two cells were two to six 
feet below the upper adjacent layer one ground surface elevations. The difference 
between the constant head elevation and the ground surface varies, because unlike the 
constant head boundary, the ground surface elevations assigned to the layer one grid cells 
are not exactly linear. 
 
Hydraulic Properties 
 The hydraulic properties necessary as inputs for the Marx Creek model were 
hydraulic conductivity, specific yield and initial heads for each grid cell.  
 
Hydraulic Conductivity 
Although both glacial outwash and till comprise the unconsolidated deposits that 
are within the study area, the entire Marx Creek model was assigned a uniform hydraulic 
conductivity value. A uniform hydraulic conductivity value, which implies homogeneous 
sediment, was assigned to the model because not enough information about the location 
and extent of the glacial till and outwash layers was known to distinguish them with 
independent permeability values.  
Because it is necessary to assign hydraulic conductivity anistopic ratios to 
groundwater models, a hydraulic conductivity in the east-west direction (Kx) to hydraulic 
conductivity in the north-south direction (Ky) ratio of one to one was input into the 
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model, making horizontal hydraulic conductivity (Kh) the same in every direction. This 
was done because there was no evidence discovered in the field that indicated a 
difference between Kx and Ky. A vertical hydraulic conductivity (Kv) to Kh ratio of one to 
ten was input into the model. An anisotropic ratio of 0.1 was used again because, in 
alluvial sediments, the Kv to Kh anisotropic ratio typically ranges between 0.1 and 0.5 
(Todd, 1980).  
Numerous simulations were run to determine an appropriate hydraulic 
conductivity value for the Marx Creek model. Initially, the hydraulic conductivity values 
calculated during the slug and pumping tests on the monitor wells were used to 
interpolate values for each of the grid cells by Kriging. After running simulations under 
these conditions, it was apparent that the hydraulic conductivity values assigned to the 
model were too low to produce high enough volumes of groundwater flow throughout the 
simulated region, making calibration to the existing Marx Creek discharge impossible.  
After the interpolated slug and pumping test conductivity values did not produce 
reliable results, conductivity values that typically represent the permeability of glacial 
outwash were tested. Although a range of conductivities representative of both till and 
outwash were initially tested, ultimately the conductivity value assigned to the model that 
achieved calibration was representative of glacial outwash sediment. This was not 
surprising, as the existing Marx Creek and the proposed extension stream appear to be 
within outwash. The typical hydraulic conductivity of a sand and gravel soil, such as 
glacial outwash, can range from 100 to 1,000 feet/day (Heath, 1983). During calibration, 
hydraulic conductivity values ranging between 100 to 1,000 feet/day were assigned to the 
model. Ultimately, a Kh value of 180 feet/day for all of the grid cells of the model was 
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determined to best represent the permeability of the sediment within the Salmon River 
valley. A Kv to Kh anisotropic ratio of 1 to 10 was maintained, resulting in vertical 
hydraulic conductivity values of 18 feet/day being assigned to all the grid cells of the 
model.  
 
Specific Yield and Initial Head 
 In addition to the hydraulic conductivity values, it was necessary to input specific 
yield into the model. Although MODFLOW also allows the user to input total porosity, 
effective porosity and specific storage values, the default values were kept for the Marx 
Creek model, as the porosity parameters are only used in calculations involving mass 
contaminant transport simulations, and specific storage is only used during transient 
simulations. A specific yield value of 0.2 was input to the model based on minimum 
storativity values for glacial outwash composed predominantly of sand-to-gravel sized 
sediment (Johnson, 1967). 
In addition to assigning specific yield values, it is also necessary to assign an 
initial hydraulic head value to each grid cell before a simulation is run. Although accurate 
initial head inputs are necessary to generate reliable, early time-step data during transient 
simulations, they are not as important during steady-state simulations, such as the Marx 
Creek model simulations. This is because in a steady-state simulation, MODFLOW 
calculates head values of a groundwater system at equilibrium over an infinite period of 
time. Therefore, during a steady-state simulation, the initial head values are adjusted by 
MODFLOW until a final, steady-state head value for each grid cell is calculated, thereby 
rendering the initial head values relatively insignificant. Regardless, because they are a 
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necessary input, the initial hydraulic head values were input to the model using the 
Kriging method of interpolation, and were based on the water level measurements taken 
with the steel tape in each of the monitor wells on 18 July 2006 (Table 2). 
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CHAPTER V 
MODEL CALIBRATION, SIMULATION AND SENSITIVITY ANALYSIS 
 
Model Calibration 
 Numerous simulations were run in order to find boundary condition and hydraulic 
property values that reasonably simulated the Marx Creek hydrogeologic system. During 
these simulations the type, location and numerical values assigned to the boundary 
conditions and hydraulic properties were adjusted. After numerous simulations, a set of 
boundary conditions and hydraulic properties were assigned to the model that reached an 
acceptable level of calibration in regard to both hydraulic head values observed in the 
monitor wells and discharge measurements of the existing Marx Creek, which were the 
two parameters to which the model was calibrated. The criteria for acceptable model 
calibration are discussed later in this chapter. It is important to note that, although 
discussed separately, calibration to hydraulic head data and stream discharge data 
occurred simultaneously. All of the model simulations were run under steady-state 
conditions. 
 
Hydraulic Head Calibration 
The hydraulic head values observed in the monitor wells on 18 July 2006 were 
used to calibrate the Marx Creek model. The model was calibrated to water levels 
measured on this date because the steady-state nature of the calibration simulations only 
allowed for calibration to a single date and time. This date was used for calibration 
because steel tape measurements were taken at each of the monitor wells on this date, and 
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because it is within the typical salmon spawning time period of mid-July to early 
September.  
The root mean squared error and the normalized root mean squared error 
(NRMSE) are used to evaluate the calibration of a groundwater model (Anderson and 
Woessner, 2002). The Marx Creek model was considered to have reached calibration in 
terms of the hydraulic head when the normalized root mean squared error was less than 
10%, and when the graph of observed versus model-calculated head did not display any 
distinct trends that should be corrected. A NRMSE of less than 10% was chosen to 
determine hydraulic head calibration because, for most modeling studies, a model with a 
NRMSE of less than 10% is considered to be well calibrated (Gomes and Cleary, 2009). 
After running numerous calibration simulations, a set of hydraulic properties and 
boundary condition values were found to produce the smallest possible NRMSE, while 
eliminating any obvious observed versus model-calculated graph trends that should be 
corrected. The NRMSE of the final calibration simulation was 9.6%, which is considered 
to be a good calibration fit. The maximum head difference was –2.65 feet (E3), and the 
mean difference was –0.75 feet. A table displaying the head values observed in the 
monitor wells on 18 July 2006 and the model-calculated head values of the final 
calibration simulation can be observed in Table 8.  
In addition to a low NRMSE, the final calibration simulation did not produce any 
apparent trends in the observed versus model-calculated head graph that were in need of 
correction (Figure 10). The graph points, which represent observed versus model-
calculated head values for the monitor wells, are somewhat scattered, and do not display 
any apparent trends. Also, when the equipotential map for the water levels measured in 
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Table 8: Summary of the head values observed in the monitor wells on 18 July 2006 
and the model-calculated head values during the final calibration simulation. All units are 
in feet above mean sea level. 
 
Well 
Number 
Observed Head 
(ft) 
Model-Calculated 
Head (ft) Difference (ft) 
Well 1 145.36 145.66 0.30 
N2 146.26 147.13 0.87 
N3 147.93 148.37 0.44 
N4 148.59 149.45 0.86 
N5 149.44 150.42 0.98 
N6 149.83 151.39 1.56 
N7 151.11 152.29 1.18 
N8 153.35 153.15 -0.20 
N9 154.41 154.09 -0.32 
N10 156.53 155.04 -1.49 
E2 145.22 144.37 -0.85 
E3 144.86 142.21 -2.65 
E4 144.83 142.52 -2.31 
E5 144.80 142.89 -1.91 
E6 145.14 143.19 -1.95 
E7 145.88 144.62 -1.26 
E8 146.78 144.55 -2.23 
E9 147.75 146.18 -1.57 
MC1 161.01 158.90 -2.11 
MC2 159.42 157.00 -2.42 
Average Not Applicable   Not Applicable -0.75 
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Figure 10: Hydraulic head calibration results under steady-state conditions. Each of the 
points represents an observed versus model-calculated head value for a monitor well. 
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the monitor wells on 18 July 2006 (Figure 11) is compared to the model-calculated 
equipotential map (Figure 12), it can be observed that the general flow direction and 
gradient is similar. 
 
Discharge Calibration 
Discharge measurements from the existing Marx Creek were used to calibrate the 
Marx Creek model, with the goal being to get the NRMSE of the model-calculated 
discharge versus the field-measured discharge from 17 July 2006 and 2 July 2007 (Table 
7) to be less than 10%. In order to calculate the discharge of individual stream segments 
it was necessary to assign each segment as a separate zone within the model. Assigning 
one or more cells to a particular zone allows Visual MODFLOW to calculate a sub-
regional flow budget for the cells that occupy the zone. A zone budget calculates the 
sources of inflow and outflow and the volume of flow associated with each source for a 
cell or group of cells assigned to a particular zone. The potential sources of inflow and 
outflow from each zone of the Marx Creek model include inflow/outflow from/to 
constant head sources, inflow/outflow from/to stream leakage, inflow from precipitation 
and outflow due to evapotranspiration. In the Marx Creek model the grid cells that 
comprise the individual stream cells of the existing Marx Creek were assigned as unique 
zones. Because the model encompasses the upper 16 stream cells of the existing Marx 
Creek, the creek is subdivided into 16 zones (Figure 13). 
Assigning the individual stream cells as a zone allowed MODFLOW to calculate 
seepage volumes from the groundwater system into the zone, and likewise, seepage 
volumes from the zone into the groundwater system. Therefore, when a simulation was 
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Figure 11: Equipotential map based on water levels measured in the 20 monitor wells 
(hollow circles) on 18 July 2006. Flow direction is indicated with arrows and the relative 
flow velocity is indicated by arrow length, where larger arrows represent a higher flow 
than small arrows. Note that the area displayed in the map is smaller than the area 
included in the model. Also, note that the existing Marx Creek has not affected the 
equipotential lines in this figure, as the figure is only a Kriging interpolation of the head 
values observed in the monitor wells. 
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Figure 12: Equipotential map of the final model calibration simulation. The numbers on 
the axes represent the length and width of the model in units of feet. 
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Figure 13: Grid showing the Marx Creek stream segments subdivided into individual 
zones. The numbers on the axes represent the length and width of the model in units of 
feet. 
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run and the groundwater seepage volume into the zone of a stream cell was calculated, 
it was possible to determine the total discharge leaving the stream cell by adding the 
volume of seepage into a particular stream cell to the volume of cumulative seepage that 
had already flowed into upstream stream segments. Following this approach, an 
assumption was made that all of the seepage into upstream stream cells flowed into 
subsequent downstream cells with no losses. This assumption was determined to be 
reasonable because any losses from the stream into the groundwater system would be 
calculated by the zone budget, and any evaporation loses would be negligible relative to 
the stream discharge.  
 In order to calibrate the model to the Marx Creek discharge, numerous steady-
state simulations were run. During these simulations several of the model parameters 
were adjusted, including the streambed elevations of Marx Creek. The streambed 
elevations of the stream cells were adjusted while maintaining the streambed elevation 
differences that were surveyed between adjacent stream cells (Table 4). Calibration 
simulations were run until a particular set of parameters was found to produce a discharge 
NRMSE of 7.1% to the 2 July 2007 measured values. Once this level of calibration was 
achieved the model was considered calibrated in regard to both discharge and hydraulic 
head. Because hydraulic head and discharge calibration occurred simultaneously, the 
final head and discharge calibration was performed during the same simulation. 
Therefore, the head results from the final discharge calibration simulation are the same 
results that were discussed in the previous section. The streambed elevations and the 
stream dimensions that produced these results can be observed in Table 9. For a 
discussion on how the field-measured streambed elevations and stream dimensions were  
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Table 9: Summary of stream stage elevations, streambed elevations and stream width 
values assigned to the stream segments of the Marx Creek model.  
 
Stream 
Segment 
Segment 
Position 
Stream Stage 
Elevation (ft) 
Streambed 
Top 
Elevation 
(ft) 
Streambed 
Bottom 
Elevation 
(ft) 
Stream 
Width (ft)
Start 159.46 158.87 158.37 15.7 1 End 158.46 157.87 157.37 17.6 
Start 158.46 157.87 157.37 17.6 2 End 157.38 156.79 156.29 19.8 
Start 157.38 156.79 156.29 19.8 3 End 156.47 155.87 155.37 19.4 
Start 156.47 155.87 155.37 19.4 4 End 155.51 154.92 154.42 18.9 
Start 155.51 154.92 154.42 18.9 5 End 154.29 153.51 153.01 18.8 
Start 154.29 153.51 153.01 18.8 6 End 153.33 152.25 151.75 19.3 
Start 153.33 152.25 151.75 19.3 7 End 152.14 150.74 150.24 19.1 
Start 152.14 150.74 150.24 19.1 8 End 151.00 149.62 149.12 19.8 
Start 151.00 149.62 149.12 19.8 9 End 150.14 148.95 148.45 21.8 
Start 150.14 148.95 148.45 21.8 10 End 149.02 147.83 147.33 22.0 
Start 149.02 147.83 147.33 22.0 11 End 148.00 146.65 146.15 24.4 
Start 148.00 146.65 146.15 24.4 12 End 147.17 145.94 145.44 34.2 
Start 147.17 145.94 145.44 34.2 13 End 146.16 145.25 144.75 32.4 
Start 146.16 145.25 144.75 32.4 14 End 144.43 143.35 142.85 25.1 
Start 144.43 143.35 142.85 25.1 15 End 142.74 141.58 141.08 26.2 
Start 142.74 141.58 141.08 26.2 16 End 141.74 140.58 140.08 25.2 
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applied to the model, see CHAPTER IV. A summary of the discharge calibration 
results is presented in Table 10. 
 The calibrated-model discharge values for the Marx Creek stream cells are similar 
to the measured values of 2007, but are lower than the measured values of 2006. 
Numerous calibration simulations proved that when the hydraulic conductivity of the 
model was changed during calibration, although the resulting discharge values changed, 
the ratio of discharge in a cell relative to the discharge of its adjacent upstream or 
downstream cell remained the same. In essence, the model-calculated discharge line 
(Figure 14) moved up or down when conductivity was adjusted, but the shape of the line 
remained the same. Because the model-calculated shape more closely matched the 2007 
shape, it was determined that the 2007 measured discharge values were more reliable for 
calibration than the 2006 measured discharge values. 
 After calibration was achieved, a mass balance of the model- computed recharge 
and discharge fluxes to and from the groundwater system was calculated by Visual 
MODFLOW (Table 11). The greatest discharge and recharge fluxes were to and from the 
constant head boundaries. The total model-calculated recharge was 592 cubic feet/day 
greater than the total model-computed discharge. This discrepancy represents less than a 
0.004% difference between total recharge to and discharge from the groundwater system, 
which is nearly perfect. 
 
Addition of Stream Extension 
 The proposed stream extension was added to the calibrated model to determine 
the flow to each of nine stream cells that will subdivide the channel if it is constructed. 
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Table 11: Daily recharge and discharge fluxes to and from the groundwater system for 
the calibrated Marx Creek model. 
 
Model Parameter Recharge Flux (ft3/day) 
Discharge Flux 
(ft3/day) 
Constant Head 14,945,000 14,013,000 
Stream Leakage 10,291 942,730 
Precipitation 16,554 0 
Evapotranspiration 0 15,523 
Total 14,971,845 14,971,253 
 
 
The dimensions of each stream cell, surveyed points of weir locations between the cells 
and planning maps were provided by Robert Gubernick of the Tongass National Forest. 
The location of the proposed stream extension is presented in Figure 15. 
 As with the existing Marx Creek, each cell of the extension stream was assigned 
as a separate stream segment and zone within the model so that seepage from the 
groundwater system into individual stream cells could be calculated. The total length of 
the proposed extension is 1,500 feet. The streambed elevation, width and length of each 
stream segment are based on the specifications provided by Robert Gubernick (Table 12), 
and the inflow to the furthest upstream stream segment (cell 1), which is a necessary data 
input, was assigned as 0 ft3/day. Because the proposed extension has not yet been 
constructed it was impossible to accurately estimate the water depth, which is reflected in 
the stream data inputs as the stream stage elevation. Therefore, stream stage elevations 
were not manually assigned, but were calculated by Visual MODFLOW (Appendix E). 
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Figure 15: Map of field site showing the location of the cells of the proposed stream 
extension. 
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In order for Visual MODFLOW to calculate stream stage elevations it is 
necessary to assign a Manning’s roughness coefficient to the channel of each stream cell, 
which is often done by comparing the channel of interest to similar channels with known 
roughness coefficient values (Barnes, 1967). Of the 50 stream channel profiles and 
roughness coefficients compiled by Barnes (1967), the existing Marx Creek was most 
comparable to Catherine Creek in Union, Oregon, which is composed of cobbles and 
small boulders, with small trees and brush lining the banks. The value of the roughness 
coefficient of Catherine Creek was 0.043, so the same value was input into the Marx 
Creek model to calculate the stream stage of the proposed stream extension. 
 After steady-state calibration was achieved and the proposed stream extension 
was added to the model, a mass balance of the model-computed recharge and discharge 
fluxes to and from the groundwater system was calculated by Visual MODFLOW (Table 
13). The greatest discharge and recharge fluxes were the constant head boundaries. The 
total model-calculated recharge was 566 cubic feet/day greater than the total model-
computed discharge. Once again, this discrepancy represents less than a 0.004% 
difference between total recharge to and discharge from the groundwater system, which 
is nearly perfect. 
 
Predictive Simulations 
 Three predictive simulations of the steady-state, calibrated Marx Creek model 
were run. In the first simulation the effect of the proposed extension stream on the 
hydrogeologic system, including cells 1-16 of the existing Marx Creek, was tested. In the 
second simulation the proposed stream extension remained in the model, while all of the 
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Table 13: Daily recharge and discharge fluxes to and from the groundwater system for 
the calibrated Marx Creek model with the proposed stream extension. 
 
Model Parameter Recharge Flux (ft3/day) 
Discharge Flux 
(ft3/day) 
Constant Head 15,630,000 13,953,000 
Stream Leakage 11,958 1,690,900 
Precipitation 16,554 0 
Evapotranspiration 0 14,046 
Total 15,658,512 15,657,946 
 
stream cells of the existing Marx Creek that were upstream from its confluence with the 
proposed extension (stream cells 1-14) were removed. This simulation was run because 
the Tongass National Forest is considering removing all of the stream cells of the existing 
Marx Creek that are upstream of its confluence with the proposed extension. In the third 
simulation the proposed stream extension remained in the model, stream cells 1-14 of 
Marx Creek were removed from the model and the average hydraulic head levels 
throughout the model were lowered to represent the minimum water level recorded in 
2006 during the typical salmon spawning season. This simulation was performed to 
simulate the effects of a relatively low water table on discharge in the proposed 
extension. 
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First Simulation 
The first simulation demonstrated that, because the bottom of the channel is 
below the water table, the proposed stream extension significantly affected the 
groundwater flow direction and gradient in the vicinity of the stream (Figure 16). It 
affected regional groundwater flow by inducing seepage from the groundwater system 
into the stream channel and increasing the hydraulic gradient near extension stream cell 
one.  
When a comparison of the effects on the groundwater system is made between the 
existing Marx Creek and the proposed stream extension, it is apparent that stream cells 
one through twelve of the existing Marx Creek, which run parallel to and are 
approximately the same length as the proposed stream extension, have less of an affect on 
the hydraulic gradient and flow direction than the proposed extension. The reason for this 
is that the elevation of the streambed of the proposed extension will be lower than the 
streambed of the existing Marx Creek. The extension stream’s effect on the groundwater 
system is reduced in downstream cells because the general slope of the streambed is less 
than the gradient of the groundwater system. This results in groundwater seepage rates 
into downstream cells that are less than the seepage rates into upstream cells. 
The first simulation produced large daily seepage rates into the stream cells of the 
proposed extension and decreased seepage rates into the stream cells of the existing Marx 
Creek (Table 14). The predicted flow in the stream cells of the existing Marx Creek was 
reduced by 17% with the addition of the extension stream because groundwater-fed 
streams provide a way for groundwater to leave a system. Additionally, the model 
predicts that, because of the lower streambed elevation, the total discharge in cells 1 
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Figure 16: Groundwater elevation contour map of the calibrated Marx Creek model with 
the proposed stream extension. Stream cells are shaded. Numbers along the axes 
represent the length and width of the model in units of feet.  
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through 9 of the extension is more than three times the discharge in approximately the 
same length of channel (stream cells 1 through 12) of the existing Marx Creek. 
 
Second Simulation 
 In the second simulation, the stream cells upstream from the confluence of the 
proposed extension and the existing Marx Creek (cells 1-14) were removed from the 
model. This simulation produced similar effects on the direction and gradient of the 
groundwater system in the vicinity of the stream, but the volume of flow into each stream 
cell increased slightly from the values computed in the first simulation (Table 15). The 
volume of daily discharge into the stream cells of the proposed extension increased by 
5.0% from the discharge values computed before the existing Marx Creek stream cells 
were removed. 
 
Third Simulation 
 In the third predictive simulation, a drop in hydraulic head was simulated in order 
to predict discharge in the proposed extension during the spawning season. As with the 
second predictive simulation, the third simulation was performed without stream cells 1-
14 of Marx Creek. The amount of head decrease used in the simulation was based on the 
maximum and minimum water levels recorded in the monitor wells between 18 July 2006 
and 31 August 2006, the typical time of year when salmon spawning occurs (Table 5). 
Although the calibrated model does not necessarily represent a maximum water level, the 
average difference between the maximum and minimum water levels recorded in the 
monitor wells was applied to the simulation in order to represent a very low hydraulic 
head situation, and a possible worst-case scenario. Thus, a drop in hydraulic head of 1.06 
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Table 15: Comparison of discharge values predicted by the model during the first, 
second and third simulations. 
 
Stream 
Cell 
First 
Simulation 
(ft3/day) 
Second 
Simulation 
(ft3/day) 
Third 
Simulation 
(ft3/day) 
Percentage 
Change between 
First and Second 
Simulations 
Percentage 
Change between 
Second and 
Third 
Simulations 
Ext. 1 256,850 258,950 226,670 +0.8% -12% 
Ext. 2 535,580 542,300 460,440 +1.3% -15% 
Ext. 3 586,328 594,439 499,575 +1.4% -16% 
Ext. 4 659,067 669,588 557,629 +1.6% -17% 
Ext. 5 679,623 690,926 572,465 +1.7% -17% 
Ext. 6 746,177 760,318 628,191 +1.9% -17% 
Ext. 7 803,635 823,362 676,940 +2.5% -18% 
Ext. 8 824,412 848,901 695,236 +3.0% -18% 
Ext. 9 871,766 915,047 747,197 +5.0% -18% 
 
 
feet was simulated by lowering all of the model’s constant head values by that amount.  
 The third simulation produced similar effects on the direction and gradient of the 
groundwater system in the vicinity of the stream as the first simulation, but the predicted 
volume of flow into each stream cell decreased (Table 15). The volume of daily 
discharge into the stream cells of the proposed extension decreased by 18% from the 
discharge values predicted in the second simulation. This simulation demonstrates that 
the average difference between the maximum and minimum water levels during the 
salmon spawning season, as measured in 2006 in the monitor wells, would decrease the 
discharge in the proposed extension stream, but would still produce a volume of 
discharge that is more than two-and-a-half times that produced in the equivalent stream 
length of Marx Creek (stream cells 1-12). 
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Sensitivity Analysis 
 A sensitivity analysis was performed to determine the sensitivity of the model to 
various hydraulic parameters. A sensitivity analysis provides insight into the magnitude 
of uncertainty associated with estimated aquifer parameters (Anderson and Woessner, 
2002). The sensitivity analysis consisted of (1) analyzing some of the simulations that 
were run while attempting to calibrate the model and (2) individually adjusting 
parameters within the calibrated Marx Creek model in order to find out how the model 
would react. Both the first and second parts of the sensitivity analysis were performed 
under steady-state conditions, and the second part of the sensitivity analysis was 
performed under the same calibrated conditions as the first predictive simulation, so that 
it contained both the existing Marx Creek and the proposed stream extension.  
 The first part of the sensitivity analysis consisted of analyzing eight of the 
simulations that were run while attempting to calibrate the Marx Creek model (Table 16). 
Although the results from eight calibration simulations were analyzed during the 
sensitivity analysis, several more simulations were run during model calibration, but 
because of the large error associated with the results, were not recorded during 
calibration. The parameters adjusted during these simulations include the elevations of 
the Marx Creek streambed, the presence of a layer two constant head boundary, the 
horizontal and vertical hydraulic conductivity, the inflow to stream cell one, the recharge 
boundary value and the evapotranspiration boundary value. Because two or more 
parameters were changed during all of the simulations involving changes to the 
evapotranspiration rate, inflow to stream cell one and the Marx Creek streambed 
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elevations, it was not possible to determine the individual effect of these parameters on 
stream discharge and hydraulic head. 
 The changes that were made during the simulations were based on the stream 
discharge and hydraulic head results from prior simulations. During the unrecorded 
simulations that were run prior to simulation one a layer two constant head boundary was 
absent from the model, but because it was not possible to generate enough discharge 
without the boundary it was later added during simulation one.  
 In simulation two the layer two constant head boundary was removed from the 
model as a result of the model’s over-prediction of stream discharge in simulation one. 
Simulation two under-predicted stream discharge, so in simulation three the Marx Creek 
streambed elevations were lowered by one foot, and in order to compensate for what I 
anticipated to be a significant discharge increase as a result of the streambed elevation 
reduction, the horizontal and vertical hydraulic conductivity values were reduced.  
 The discharge results from simulation three were even lower than the results from 
simulation two, so in simulation four the layer two constant head boundary was once 
again added to the model in order to increase stream discharge and the Marx Creek 
streambed elevations were returned to their prior elevations. The discharge values that 
were predicted by the model during simulation four were greater than the values that 
were predicted during simulations two and three, although the simulation four values still 
under-predicted discharge. Therefore, in order to increase the discharge predicted by the 
model, the horizontal and vertical hydraulic conductivity were increased in simulation 
five, and the result of the simulation was a slight over-prediction of discharge.  
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 In simulations one through five the inflow rate to stream cell one was 
erroneously assigned as 13,000 ft3/day, so in simulation six the inflow rate to stream cell 
one was changed to 0 ft3/day to account for the fact that there are no stream cells 
upstream from stream cell one, and as a result there is no inflow from upstream cells. 
Additionally, in simulation six the recharge rate was erroneously increased to an 
unrealistic rate, the streambed elevations of Marx Creek were decreased, and the 
evapotranspiration rate was changed to a more realistic rate. The result of simulation six 
was an over-prediction of discharge.  
 In simulation seven the horizontal and vertical hydraulic conductivity values were 
slightly reduced in order to decrease the predicted Marx Creek discharge, and the result 
was that the model-calculated discharge values were very similar to the July 2007 
discharge measurements.  
 In simulation eight, which was the simulation where model calibration was 
achieved, the recharge rate was corrected from the change that was made during 
simulation six and reduced to a more realistic rate. The result of the simulation was that 
the model-calculated discharge values were very similar to the July 2007 discharge 
measurements. 
 Simulations one through eight of the first part of the sensitivity analysis showed 
that stream discharge was more sensitive than hydraulic head to changes in the model 
parameters. However, because the hydraulic head NRMSE was only calculated when the 
discharge NRMSE was less than 10%, some of the parameter changes during simulations 
where the NRMSE was not calculated may have had a larger affect on hydraulic head 
than in the simulations where the NRMSE was calculated.  
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 The first part of the sensitivity analysis also showed that stream discharge was 
most affected by changes in horizontal and vertical hydraulic conductivity and the 
presence of a layer two constant head boundary. In simulations one and four, and also in 
simulations four and five, the only parameter value that was changed between the two 
simulations was horizontal and vertical hydraulic conductivity. Reducing the horizontal 
and vertical hydraulic conductivity in simulation one from 250 feet/day and 25 feet/day, 
respectively, to 125 feet/day and 12.5 feet/day, respectively, in simulation four, resulted 
in a 4.1% reduction in the NRMSE. Likewise, increasing the horizontal and vertical 
hydraulic conductivity in simulation four from 125 feet/day and 12.5 feet/day, 
respectively, to 200 feet/day and 20 feet/day, respectively, in simulation five, resulted in 
a 5.5% reduction in the NRMSE. The presence of a layer two constant head boundary 
also had an affect on stream discharge. In simulations one and two, and also in 
simulations three and four, the only parameter that was changed between the two 
simulations was the presence of a layer two constant head boundary. Simulation one had 
a layer two constant head boundary, whereas simulation two did not, and the result of the 
removal of the boundary was a 3.4% reduction in the NRMSE. Likewise, simulation 
three did not have a layer two constant head boundary, whereas simulation four did, and 
the result of the addition of the boundary was a 6.3% reduction in the NRMSE.  
 The first part of the sensitivity analysis also demonstrated that stream discharge 
was not significantly affected by the recharge rate. In simulations eight and the calibrated 
simulation, the only parameter changed between the two simulations was the recharge 
rate. Reducing the recharge rate from 34.5 inches/year in simulation eight to 13.44 
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inches/year in the calibrated simulation resulted in a change in the NRMSE of less than 
0.1%.  
 The second part of the sensitivity analysis included the individual adjustment, 
through multiple model simulations, of the horizontal hydraulic conductivity, the vertical 
hydraulic conductivity, the water levels of the Salmon River, the vertical conductivity of 
the streambed materials in the existing Marx Creek and the proposed extension, and the 
streambed elevations of the existing Marx Creek and the proposed extension. A summary 
of the second part of the sensitivity analysis results is included as Table 17.  
 Of the various hydraulic properties, the model-calculated discharge values in the 
existing Marx Creek and the proposed extension were most sensitive to adjustments of 
the horizontal and vertical hydraulic conductivity of both of the two layers. During the 
first simulation of part two of the sensitivity analysis the horizontal hydraulic 
conductivity values of the model were reduced from 180 to 18 feet/day, while the vertical 
hydraulic conductivity value remained unchanged, at 18 feet/day. The result of the 
adjustment was that the model-calculated discharge in Marx Creek was reduced by 58%, 
and the discharge in the proposed extension was reduced by 65%. The reduction of 
discharge rates in the streams during the simulation can be attributed to lower velocities 
of groundwater flowing through the system. When the horizontal hydraulic conductivity 
was reduced by an order of magnitude, the resulting seepage rates from the groundwater 
system to the streams was also reduced by nearly an order of magnitude. 
 Although the discharge rates of the existing Marx Creek and the proposed 
extension proved to be highly sensitive to changes in horizontal hydraulic conductivity, 
the head values calculated in the monitor well grid cells are not as sensitive to the same 
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 Table 17: Summary of the results from part two of the sensitivity analysis. 
Simulation Parameter Changed 
Change in 
Marx 
Creek 
Discharge
Change in 
Proposed 
Extension 
Discharge 
Average 
Change in 
Head Values 
1 
Decreased horizontal 
hydraulic conductivity 
from 180 to 18 feet/day 
-58% -65% +0.8% 
2 
Decreased vertical 
hydraulic conductivity 
from 18 to 1.8 feet/day 
-49% -55% -0.6% 
3 
Decreased constant head 
values in the grid cells 
representing the Salmon 
River by one foot 
-0.6% Less than 0.01% Less than 0.01%
4 
Increased the streambed 
elevations in Marx Creek 
and the proposed 
extension by one foot 
-35% -16% +0.3% 
5 
Decreased the streambed 
hydraulic conductivity 
from 100 to 50 feet/day in 
Marx Creek and the 
proposed extension 
-2.4% -3.1% Less than 0.03%
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changes. During the same simulation, head values calculated at the monitor well grid 
cells increased from those calculated in the original calibrated model by an average of 
0.8%. 
 In the second simulation of part two of the sensitivity analysis the vertical 
hydraulic conductivity of both layers was reduced from 18 to 1.8 feet/day, while the 
horizontal conductivity remained unchanged at 180 feet per day. Like the first simulation, 
this also produced significant changes in discharge rates of the existing Marx Creek and 
the proposed extension stream. Decreasing the vertical hydraulic conductivity from 18 to 
1.8 feet/day reduced the model-calculated discharge in Marx Creek by 49%, and reduced 
the discharge in the proposed extension by 55%. It is likely that the sensitivity of the 
model to this parameter can be attributed to significantly increased flow rates from the 
constant head boundary layer assigned to layer two. Because of the presence of an 
upward gradient in the model, which is due to the layer two constant head boundary, a 
decrease in the vertical hydraulic conductivity of the model layers resulted in a decrease 
in the volume of flow that was transmitted upward. As a result, seepage rates to the 
streams decreased, and subsequently, the stream discharge rates decreased.  
 As with the first simulation of part two of the sensitivity analysis, the model 
proved to be relatively insensitive to head changes as a result of adjustments in vertical 
hydraulic conductivity. Reducing the vertical hydraulic conductivity resulted in an 
average head decrease in the monitor well grid cells of only 0.6% from the head values 
calculated by the original calibrated model. 
 The Marx Creek model was less sensitive to the remaining hydraulic parameters 
that were analyzed during part two of the sensitivity analysis. Adjusting the Salmon River 
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water levels, the streambed elevations and the vertical conductivity of the streambed 
sediment resulted in smaller discharge and head changes than in simulations one and two 
of part two of the sensitivity analysis. Decreasing the head values by one foot in the 
constant head boundary cells that represent the Salmon River resulted in a decrease in the 
model-calculated discharge in Marx Creek by only 0.6% and changed the discharge in the 
proposed extension by less than 0.01%. The head values calculated in the monitor well 
grid cells changed by an average of less than 0.01%.  
 Increasing the streambed elevations by one foot in the existing Marx Creek and 
the proposed extension stream had a somewhat significant effect on discharge in the 
streams, and resulted in a decrease in the model-calculated discharge in Marx Creek by 
35% and a decrease in the model-calculated discharge in the proposed extension by 16%. 
The head values calculated in the monitor well grid cells increased by an average of 
0.3%.  
 Finally, the vertical conductivity of the streambed material in the streams was 
reduced from 100 to 50 feet/day. This resulted in a decrease in the model-calculated 
discharge in Marx Creek by 2.4% and a decrease in the discharge of the proposed 
extension by 3.1%. The head values calculated in the monitor well grid cells changed by 
an average of less than 0.03%. 
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CHAPTER VI 
SUMMARY, CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS 
 
Summary 
Field Study 
 Hydraulic head, slug and pumping test, soil pit, stream discharge and surveying 
data were collected in order to develop a three-dimensional groundwater flow model 
using Visual MODFLOW (Waterloo Hydrogeologic, Inc., 2006). Twenty monitor wells 
were installed in the Marx Creek field area (Figure 4). Ten of the wells were installed 
along the Salmon River Road, along the eastern margin of the site. Eight of the wells 
were installed along the southern margin of the site, along the narrow, dirt access road 
that runs parallel to and immediately north of the east-west trending segment of the Marx 
Creek extension channel. The final two monitor wells were installed in the northwestern 
portion of the field area.  
 Water level measurements were taken twice daily in each monitor well between 
18 July 2006 and 5 July 2007, although the data collected during the typical salmon 
spawning season proved to be the most useful, and this was the time period to which the 
model was calibrated (Appendix A). The water level data obtained from the monitor 
wells between 19 July and 31 August 2006, which is typically the time of year when the 
chum salmon spawn, indicated that water levels fluctuated during this time period by an 
average of 1.06 feet, and that fluctuations ranged between 2.16 (N9) to 0.65 (E3, E5 and 
E6) feet (Table 5). This information was used to run a predictive simulation that 
simulated a typical, seasonal decrease in hydraulic head. 
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 The primary groundwater flow direction in the Salmon River valley is from 
north to south (Figure 11). Additionally, there is a component of flow toward the center 
of the valley, from both the eastern and western margins of the valley. In addition, 
because of the significantly large volume of inflow to Marx Creek from the groundwater 
system, it appears as though an upward component of flow exists within the Salmon 
River valley. The general horizontal hydraulic gradient of the water table on 18 July 2006 
was approximately 0.01, although zones of higher and lower gradients exist. 
 The wells were slug and/or pump tested to determine the hydraulic conductivity 
of the material into which the wells were screened (Appendix D). The hydraulic 
conductivity values obtained from the analysis of the slug and pumping tests ranged 
between 0.6 and 1,400 feet/day (Table 6). The results of the slug and pumping test 
analysis indicated the presence of two distinct geologic materials, one of which was 
highly permeable and the other of which had a relatively low permeability. The highly 
permeable material was interpreted to be glacial outwash, and the material with a lower 
permeability was interpreted to be glacial till. 
 A stratigraphic interpretation of the material down to a depth of approximately ten 
feet was made based on slug and pumping test results and soil pits that were dug along 
the path of the proposed stream extension. It is hypothesized that, most recently, a layer 
of outwash was deposited across the Salmon River valley, and is thickest near the center 
of the valley and pinches out toward the valley margins. Based on the pumping test data 
analyses, the outwash layer has a horizontal hydraulic conductivity that ranges from 
1,200 to at least 1,400 feet/day. The E-series wells are screened in this layer, Marx Creek 
was constructed in this layer, and the proposed stream extension would be constructed in 
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this layer of outwash. Although the thickness of this layer is unknown and variable, 
based on the soil pits it appears to exist from the ground surface to a minimum depth of 
9.5 feet. A layer of low-permeability glacial till, of unknown thickness, may underlie the 
outwash. It is presumed that this layer extends across the Salmon River valley, and was 
deposited during the most recent advance of the Salmon Glacier. The N-series and MC-
series wells are screened in this layer of till, and based on the slug test data analyses, the 
horizontal hydraulic conductivity of the till ranges from 0.6 to 17 feet/day. 
 Discharge was measured in stream cells 1-16 of Marx Creek on 17 July 2006 and 
2 July 2007 (Table 7 and Appendix C). The results of the discharge measurements 
indicated that the total discharge measured at weir 15 in July 2006 was 115% of the 
discharge measured in July 2007. However, the discharges measured at weirs 2, 4, 5, 6, 7, 
9, 11, 12 and 13 in July 2006 ranged from 179% to 235% of the discharges measured in 
July 2007 (Table 7). Overall, the downstream increase in discharge on a cell-by-cell basis 
was significantly different in 2006 compared to 2007 (Figure 14). The reason for this is 
unknown. However, during model calibration, the shape of the cell-by-cell model-
calculated discharge curve more closely matched the shape of the values measured in 
2007, so the 2007 discharge measurements may be more representative of the discharge 
of Marx Creek during the salmon spawning season. 
 A conceptual model of the Salmon River valley hydrogeologic system was 
created based on the results of the field study in order to aid in the creation of the Marx 
Creek model. Flow enters the modeled region from its northern, eastern and western 
margins, with additional sources of inflow from precipitation and, to a much lesser 
extent, leakage from streams. Flow leaves the modeled region through its southern 
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margin, evapotranspiration and leakage to streams. Within the modeled region, it 
appears as though groundwater flows through a highly permeable layer of outwash and a 
low-permeability layer of till, although the vertical and horizontal extents of these layers 
are not well defined. 
 
Model Creation and Calibration 
 Based on data collected in the field and the results of the slug and pumping test 
analysis, a three-dimensional, numerical groundwater model was created using Visual 
MODFLOW. Because of a lack of knowledge of the stratigraphic nature of the geologic 
materials underlying the Salmon River valley, the modeled area was represented by two 
layers with a nearly equal thickness (Figure 7) and a single hydraulic conductivity. The 
horizontal hydraulic conductivity value used in the model was determined during model 
calibration, and was 180 feet/day. Constant head boundaries were applied to the north, 
south, east and west margins of the model, and an additional constant head boundary was 
applied to layer two in order to simulate upwelling to layer one. Finally, a stream 
boundary was added to the model to simulate stream cells 1-16 of Marx Creek. 
 The model was calibrated to hydraulic head and Marx Creek discharge 
measurements. Calibration to these parameters occurred simultaneously, during 
numerous simulations. Water level data, recorded between 18 July and 31 August 2006 
from twenty monitor wells, and discharge data from Marx Creek, measured on 2 July 
2007, were used to calibrate the Marx Creek model. The model was calibrated to 
hydraulic head and stream discharge until NRMSEs of 9.6% and 7.1% were achieved, 
respectively, which are below the typical calibration criteria of a 10% NRMSE. 
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Additionally, in regard to the discharge calibration, the shape of the calibrated cell-by-
cell model-calculated discharge curve closely matched the trend measured in July 2007 
(Figure 14).  
 
Predictive Simulations 
 After achieving model calibration, the proposed stream extension was input to the 
model, and three predictive simulations were run under steady-state conditions. The first 
predictive simulation simulated the effects of adding the proposed stream extension to the 
calibrated model. This was done to determine groundwater seepage, and subsequently 
discharge, into the stream cells of the proposed extension, and to determine the affect of 
the proposed extension on Marx Creek. The model-computed seepage rates into the 
proposed extension were higher than the seepage rates into the existing Marx Creek 
(Table 14), which indicates that if the extension stream were constructed it would 
probably have much more discharge than the existing Marx Creek. In addition, as a result 
of the addition of the proposed extension stream, the discharge in Marx Creek was 
reduced by 17%.  
 A mass balance of the model-computed recharge and discharge fluxes to and from 
the groundwater system was calculated by Visual MODFLOW before and after the 
addition of the proposed extension (Tables 11 and 13). The addition of the proposed 
extension stream resulted in 686,667 cubic feet/day of additional recharge to the modeled 
region. The additional recharge was supplied primarily by the constant head boundaries. 
Also, as a result of adding the proposed stream extension to the model, an additional 
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686,693 cubic feet/day of discharge left the modeled region. The additional discharge 
left the hydrogeologic system primarily through seepage to the proposed extension 
stream. 
 A second predictive simulation was run to simulate the effects of the removal of 
all the Marx Creek stream cells upstream from its confluence with the proposed 
extension, thereby leaving the proposed extension as the only stream in the model. This 
was done to determine the effect of removing the existing Marx Creek channel on the 
proposed extension stream, thereby aiding in decision making regarding the future of 
Marx Creek, as it is possible that Tongass National Forest will abandon the Marx Creek 
stream cells upstream of its confluence with the proposed extension. The result of the 
second simulation was a small discharge increase in each of the cells of the proposed 
extension (Table 15). The volume of daily discharge into the stream cells of the proposed 
extension increased by 5% from the discharge value computed prior to the removal of the 
existing Marx Creek channel.  
 A third predictive simulation was run to simulate the effects of a drop in hydraulic 
head on the discharge of the proposed extension. In the simulation, the hydraulic head 
was lowered by 1.06 feet, which was the average difference between the maximum and 
minimum water levels recorded in 2006 during the typical salmon spawning season. This 
was done in order to predict the minimum discharge that may be expected during a 
salmon-spawning season, if the water levels are similar to those measured in 2006. The 
result of the third simulation was a decrease in the discharge of the stream cells of the 
proposed extension by 18% (Table 15). 
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Sensitivity Analysis 
A two-part sensitivity analysis of the model was performed. The sensitivity 
analysis consisted of (1) analyzing some of the simulations that were run while 
attempting to calibrate the model and (2) individually adjusting parameters within the 
calibrated Marx Creek model in order to find out how the model would react. The first 
part of the sensitivity analysis consisted of analyzing eight of the simulations that were 
run while attempting to calibrate the Marx Creek model (Table 16). In the second part of 
the sensitivity analysis five simulations were run to test the sensitivity of the calibrated 
Marx Creek model, with the addition of the proposed extension, to changes in: (1) 
horizontal hydraulic conductivity, (2) vertical hydraulic conductivity, (3) hydraulic head 
of the constant head boundary cells representing the Salmon River, (4) streambed 
elevations, and (5) streambed conductivity.  
 The first part of the sensitivity analysis showed that the stream discharge results 
were more sensitive to changes in various hydraulic parameters than hydraulic head. It 
also showed that stream discharge was most affected by changes in horizontal and 
vertical hydraulic conductivity and the presence of a layer two constant head boundary. 
Adjusting horizontal and vertical hydraulic conductivity from 250 and 25 feet/day, 
respectively, to 125 and 12.5 feet/day resulted in a reduction in the NRMSE of 4.1%, and 
adjusting it from 125 and 12.5 feet/day, respectively, to 200 and 20 feet/day resulted in a 
reduction in the NRMSE of 5.5%.  The addition of a layer two constant head boundary 
resulted in a 6.3% reduction in the stream discharge NRMSE. The first part of the 
sensitivity analysis also showed that the stream discharge results were not significantly 
affected by adjusting the value of the recharge boundary. Reducing the recharge rate from 
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34.5 inches/year in simulation eight to 13.44 inches/year in the calibrated simulation 
resulted in a change in the stream discharge NRMSE of less than 0.1%.  
The second part of the sensitivity analysis showed that the Marx Creek model is 
most sensitive to changes in horizontal and vertical hydraulic conductivity. Decreasing 
the horizontal hydraulic conductivity from 180 to 18 feet/day resulted in a discharge 
decrease in Marx Creek by 58% and in the proposed extension by 65%, and an increase 
in the average hydraulic head of the monitor well grid cells by 0.8% (Table 17). 
Decreasing the vertical hydraulic conductivity from 18 to 1.8 feet/day resulted in 
discharge decreases in Marx Creek by 49% and in the proposed extension by 55%, and a 
decrease in the average hydraulic head of the monitor well grid cells of 0.6% (Table 17).  
The second part of the sensitivity analysis also showed that the model is 
somewhat sensitive to adjustments of the streambed elevations of Marx Creek and the 
proposed extension, and that it is relatively insensitive to adjustments of the Salmon 
River water level and the streambed vertical hydraulic conductivity. Increasing the 
streambed elevations of Marx Creek and the proposed extension by one foot resulted in 
discharge decreases in Marx Creek by 35% and in the proposed extension by 16%, and an 
increase in the average hydraulic head of the monitor well grid cells of 0.3%. Adjusting 
the Salmon River water level and the streambed vertical hydraulic conductivity resulted 
in a change in the discharge of Marx Creek and the proposed extension stream of 3.1% or 
less. In addition, the adjustment of these parameters affected head values in the model by 
less than 0.03%. 
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Conclusions  
 It is likely that the proposed stream extension would successfully produce 
quantities of water necessary for salmon spawning, with or without stream cells 1-14 of 
Marx Creek. The channel length of the proposed extension is shorter and the channel 
width is comparable to stream cells 1-14 of the existing Marx Creek, yet the proposed 
extension is predicted to have a greater total stream discharge than the existing Marx 
Creek. Additionally, the model predicted that removing stream cells 1-14 of the existing 
Marx Creek would increase discharge in the proposed extension. Therefore, with proper 
weir construction and placement, it should be possible to generate water depths in the 
stream cells of the proposed extension, with or without stream cells 1-14 of the existing 
Marx Creek, that are comparable to or greater than the water depths measured in the 
stream cells of the existing Marx Creek, thus providing a stream environment that is 
conducive to salmon spawning. 
 Although seasonal drops in hydraulic head would decrease discharge into the 
proposed extension, it is likely that enough discharge would be produced to provide a 
stream environment that remains conducive to salmon spawning. The proposed extension 
stream discharge results from the third simulation (Table 15), where a drop in hydraulic 
head was simulated, are still greater than two-and-a-half times the discharge of stream 
cells 1-12 of the existing Marx Creek under normal conditions (Table 14). Therefore, 
even during seasonal periods of low hydraulic head, the volume of discharge into each of 
the proposed extension stream cells should still be sufficient to generate water depths in 
the stream cells that are comparable to or greater than the water depths in the stream cells 
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of the existing Marx Creek and provide a stream environment that is conducive to 
salmon spawning. 
 
Limitations 
 This model, as with all numerical models, cannot perfectly simulate the natural 
environment. The model is based upon simplifying assumptions, but within limits it can 
assist in better understanding the hydrogeologic system within the glacial deposits of the 
Salmon River valley. The simplifying assumptions related to the Marx Creek model are 
discussed below. 
 The lack of information on the stratigraphy of the glacial deposits within the 
Salmon River valley, as well as the total thickness of these deposits, limited the accuracy 
of the conceptual model, which translated into a limitation of the Marx Creek model. 
Although a stratigraphic interpretation from the ground surface down to a depth of 
approximately ten feet was made, the nature of the deposits beneath this depth is 
unknown. Because glacial deposits have highly variable hydraulic properties it is unlikely 
that the deposits in the upper ten feet represent the hydraulic properties throughout the 
entire depth of the glacial valley. As a result, only two layers were used in the Marx 
Creek model, with both of the layers having the same hydraulic properties. Had 
information been available on the depositional nature of the geologic materials 
underlying the Salmon River valley, it may have been possible to add additional layers to 
the model, with each of the layers representing unique zones with different 
permeabilities. 
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 In addition to lack of knowledge of the glacial deposits within the Salmon 
River valley, the depth of the bottom of the glacial valley beneath the field site is 
unknown. The depth was estimated based on a cross-section of a topographic map, but 
the actual depth is unknown. The bottom of the Marx Creek model was based upon the 
estimated thickness of the glacial deposits, so it is likely that there is a degree of error 
associated with its assignment. 
 The horizontal and vertical hydraulic conductivity values, which were 
demonstrated to have a large effect on model results during the sensitivity analysis, were 
applied uniformly to the grid cells of the model. This does not accurately reflect the 
natural spatial variability of the subsurface geologic materials, which consist of glacial 
till and outwash. Because the sensitivity analysis demonstrated that the Marx Creek 
model is highly sensitive to changes in these parameters, it is possible that if unique 
zones with different hydraulic conductivity values had been assigned to the model, the 
results may have been different from those produced by the Marx Creek model.  
 The layer one north, south and east constant head boundaries, and the layer two 
constant head boundary are artificial boundaries. Ideally, in a modeling study, it is best to 
have natural, as opposed to artificial, boundaries. Natural boundaries represent features 
within a hydrogeologic system, such as a river, whereas artificial boundaries do not 
represent hydrogeologic features. Artificial boundaries were assigned to the north, south 
and east boundaries of layer one because the area of interest to this study was too small to 
justify extending the model to hydrogeologic features beyond the area studied.  
 An artificial boundary was assigned to layer two because, as discussed earlier in 
this chapter, it was necessary to provide adequate discharge to the existing Marx Creek. 
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The boundary values for layer two were based on ground surface elevations rather than 
hydraulic head values. As a result, the values applied to the boundary were rough 
estimates, and although it provided reasonable calibration results, it may not accurately 
represent the actual fluxes of upward flow. 
 The layer one boundary values applied to the model were based on water level 
and stream stage elevation measurements from two days. The north, south and east 
constant head boundary values were based on steel tape water level measurements from 
18 July 2006, and the west constant head boundary values were based on stream stage 
elevation measurements from 3 July 2007. In reality, these boundary values fluctuate, but 
in the Marx Creek model they were assigned as constant throughout the simulations. This 
was done because it would have been impractical to assign multiple boundary values for 
each grid cell, and because the water level fluctuations that occur during the salmon-
spawning season, which averaged 1.06 feet in the monitor wells in 2007, are small 
enough that using a single boundary value was reasonable. 
 When a stream or river is represented in a modeling study, it is ideal to have exact 
streambed elevation measurements. Although relative streambed elevation measurements 
were taken, actual streambed elevations were not measured, making it necessary to adjust 
the elevations during model calibration while keeping the relative elevation difference 
between the stream cells constant. Therefore, although they were not adjusted during 
calibration to the same degree that hydraulic conductivity was adjusted, the streambed 
elevations of Marx Creek were treated as a calibration parameter. As a result, the 
streambed elevations that were assigned to the model are not the same as the streambed 
elevations of the actual Marx Creek. It is not likely that this affected the modeling results 
 91
significantly because a reasonable calibration to discharge and hydraulic head was 
achieved, and because the sensitivity analysis demonstrated only a moderate sensitivity of 
the model to streambed elevations. 
 In the third predictive simulation, the decrease in hydraulic head applied to the 
simulation was based on the average difference between the minimum and maximum 
water levels during the 2006 salmon-spawning season, as recorded in the monitor wells. 
Although the simulation was run in order to represent a minimum seasonal discharge to 
the proposed extension, it cannot truly be considered a minimum discharge, as the 
simulated decrease in hydraulic head was only based on one year’s seasonal data. 
Because water level data were not measured during the 2007 salmon-spawning season, it 
was not possible to determine a seasonal water level drop for the year. As a result, the 
average difference between the maximum and minimum water levels during the 2006 
salmon-spawning season may or may not be typical of that time of year. If it was an over-
estimate, then the discharge to the proposed extension would most likely be greater than 
was predicted in the third simulation, and if it was an under-estimate, then the discharge 
to the proposed extension would most likely be less than was predicted in the third 
simulation. However, if the discharge is less than was predicted in the third simulation it 
is unlikely that this would create a serious problem, as a drop in water level of several 
feet would be required in order to generate discharge in the extension stream that is less 
than the discharge generated in stream cells 1-12 of the existing Marx Creek. 
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Recommendations 
 The Marx Creek model will probably never be used again, as its primary purpose 
was to assess the feasibility of adding the proposed extension. Therefore, the following 
recommendations are for future groundwater modeling studies that are similar in scope 
and purpose to the Marx Creek project.  
 A detailed subsurface investigation would greatly enhance the reliability of a 
model that is similar to the Marx Creek model. Although costly, drilling exploratory 
boreholes throughout the field site would greatly aid in the creation of a reliable 
conceptual model. Because numerical models are based upon conceptual models, a more 
accurate conceptual model should translate into a more accurate numerical model. 
Further, by distinguishing the location, extent and thickness of the deposits beneath the 
field site, numerous layers with unique hydraulic properties could be added to the model. 
This would make the groundwater model more representative of the actual groundwater 
system being modeled, and should yield more reliable results. 
 It would be beneficial to measure water levels for more than one season in a study 
similar to that of the Marx Creek project. Measuring water levels for multiple years 
would provide insight into the average seasonal water level fluctuations of a 
hydrogeologic system, and would render the study less susceptible to errors stemming 
from an atypical season of water level fluctuations. As a result of having a better 
understanding of seasonal water level fluctuations, it would be possible to calculate a 
more reliable minimum hydraulic head value during the season of interest. 
 If stream discharge is to be used as a calibration parameter, it would be useful to 
measure discharge multiple times during the salmon-spawning season in order to observe 
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how it fluctuates. Although one measurement per year was enough to calibrate the 
Marx Creek model, an increase in the number of measuring events would allow for the 
calculation of an average discharge during the season, which would be better to use 
during model calibration. In addition to increasing the number of discharge measuring 
events, it would also be useful to measure the exact streambed elevations of the streams 
within the model. This would reduce the number of unknown parameters within the 
model, and would allow for the streambed elevations to be fixed during model 
calibration. 
 The sensitivity analysis demonstrated that the Marx Creek model is most sensitive 
to changes in horizontal and vertical hydraulic conductivity. Therefore, it would be 
beneficial to obtain a larger number of horizontal hydraulic conductivity estimates in a 
study similar to that of the Marx Creek project. Performing more slug and/or pumping 
tests throughout the site would provide a better understanding of the distribution of 
geologic materials and the permeabilities of those materials. Additionally, it would be 
beneficial to test the vertical hydraulic conductivity of the geologic materials, thus 
providing a more representative vertical-to-horizontal anisotropic ratio to use in a 
numerical model.  
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Table 18: Water level data for Well 1 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well 1
Date Water Level (ft) Date
Water 
Level (ft) Date
Water 
level (ft) Date
Water 
Level (ft)
7/18/2006 145.36 7/30/2006 145.03 8/10/2006 145.47 8/21/2006 145.04
7/19/2006 145.26 7/30/2006 145.05 8/10/2006 145.34 8/21/2006 145.09
7/19/2006 145.13 7/31/2006 145.13 8/11/2006 145.29 8/22/2006 145.11
7/20/2006 145.15 7/31/2006 145.07 8/11/2006 145.23 8/22/2006 145.10
7/20/2006 145.37 8/1/2006 145.06 8/12/2006 145.23 8/23/2006 145.12
7/21/2006 145.55 8/1/2006 145.11 8/12/2006 145.25 8/23/2006 145.13
7/21/2006 145.59 8/2/2006 145.34 8/13/2006 145.21 8/24/2006 145.17
7/22/2006 145.61 8/2/2006 145.46 8/13/2006 145.17 8/24/2006 145.20
7/22/2006 145.68 8/3/2006 145.47 8/14/2006 145.23 8/25/2006 145.17
7/23/2006 145.71 8/3/2006 145.35 8/14/2006 145.29 8/25/2006 145.09
7/23/2006 145.71 8/4/2006 145.33 8/15/2006 145.36 8/26/2006 145.15
7/24/2006 145.63 8/4/2006 145.22 8/15/2006 145.32 8/26/2006 145.18
7/24/2006 145.52 8/5/2006 145.08 8/16/2006 145.28 8/27/2006 145.14
7/25/2006 145.39 8/5/2006 145.14 8/16/2006 145.24 8/27/2006 145.06
7/25/2006 145.59 8/6/2006 145.21 8/17/2006 145.24 8/28/2006 144.98
7/26/2006 145.61 8/6/2006 145.16 8/17/2006 145.19 8/28/2006 145.03
7/26/2006 145.64 8/7/2006 145.02 8/18/2006 145.29 8/29/2006 145.38
7/27/2006 145.76 8/7/2006 144.86 8/18/2006 145.38 8/29/2006 145.61
7/27/2006 145.69 8/8/2006 144.85 8/19/2006 145.38 8/30/2006 145.73
7/28/2006 145.67 8/8/2006 145.08 8/19/2006 145.29 8/30/2006 145.70
7/28/2006 145.45 8/9/2006 145.29 8/20/2006 145.24 8/31/2006 145.64
7/29/2006 145.29 8/9/2006 145.39 8/20/2006 145.09 8/31/2006 145.54
7/29/2006 144.98
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Table 19: Water level data for Well N2 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N2
Date Water Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft)
7/18/2006 146.26 7/30/2006 145.92 8/10/2006 146.36 8/21/2006 145.91
7/19/2006 146.17 7/30/2006 145.94 8/10/2006 146.22 8/21/2006 145.95
7/19/2006 146.03 7/31/2006 146.01 8/11/2006 146.18 8/22/2006 145.97
7/20/2006 146.05 7/31/2006 145.96 8/11/2006 146.12 8/22/2006 145.96
7/20/2006 146.27 8/1/2006 145.95 8/12/2006 146.12 8/23/2006 145.98
7/21/2006 146.45 8/1/2006 146.00 8/12/2006 146.13 8/23/2006 145.99
7/21/2006 146.46 8/2/2006 146.22 8/13/2006 146.09 8/24/2006 146.02
7/22/2006 146.48 8/2/2006 146.34 8/13/2006 146.06 8/24/2006 146.05
7/22/2006 146.52 8/3/2006 146.35 8/14/2006 146.12 8/25/2006 146.03
7/23/2006 146.55 8/3/2006 146.24 8/14/2006 146.18 8/25/2006 145.94
7/23/2006 146.54 8/4/2006 146.22 8/15/2006 146.24 8/26/2006 146.00
7/24/2006 146.46 8/4/2006 146.11 8/15/2006 146.20 8/26/2006 146.03
7/24/2006 146.36 8/5/2006 145.98 8/16/2006 146.16 8/27/2006 146.00
7/25/2006 146.23 8/5/2006 146.03 8/16/2006 146.12 8/27/2006 145.91
7/25/2006 146.42 8/6/2006 146.10 8/17/2006 146.12 8/28/2006 145.85
7/26/2006 146.43 8/6/2006 146.05 8/17/2006 146.06 8/28/2006 145.91
7/26/2006 146.46 8/7/2006 145.92 8/18/2006 146.16 8/29/2006 146.24
7/27/2006 146.58 8/7/2006 145.75 8/18/2006 146.26 8/29/2006 146.43
7/27/2006 146.52 8/8/2006 145.74 8/19/2006 146.26 8/30/2006 146.53
7/28/2006 146.51 8/8/2006 145.97 8/19/2006 146.16 8/30/2006 146.50
7/28/2006 146.31 8/9/2006 146.18 8/20/2006 146.11 8/31/2006 146.48
7/29/2006 146.16 8/9/2006 146.28 8/20/2006 145.96 8/31/2006 146.40
7/29/2006 145.87
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Table 20: Water level data for Well N3 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N3
Date Water Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft)
7/18/2006 147.93 7/30/2006 147.57 8/10/2006 147.95 8/21/2006 147.48
7/19/2006 147.83 7/30/2006 147.58 8/10/2006 147.82 8/21/2006 147.53
7/19/2006 147.70 7/31/2006 147.65 8/11/2006 147.77 8/22/2006 147.54
7/20/2006 147.72 7/31/2006 147.59 8/11/2006 147.71 8/22/2006 147.53
7/20/2006 147.94 8/1/2006 147.58 8/12/2006 147.71 8/23/2006 147.54
7/21/2006 148.11 8/1/2006 147.63 8/12/2006 147.72 8/23/2006 147.55
7/21/2006 148.13 8/2/2006 147.84 8/13/2006 147.68 8/24/2006 147.57
7/22/2006 148.14 8/2/2006 147.96 8/13/2006 147.64 8/24/2006 147.61
7/22/2006 148.20 8/3/2006 147.97 8/14/2006 147.70 8/25/2006 147.58
7/23/2006 148.23 8/3/2006 147.85 8/14/2006 147.77 8/25/2006 147.50
7/23/2006 148.22 8/4/2006 147.83 8/15/2006 147.83 8/26/2006 147.55
7/24/2006 148.14 8/4/2006 147.72 8/15/2006 147.80 8/26/2006 147.59
7/24/2006 148.02 8/5/2006 147.58 8/16/2006 147.75 8/27/2006 147.55
7/25/2006 147.89 8/5/2006 147.64 8/16/2006 147.71 8/27/2006 147.47
7/25/2006 148.08 8/6/2006 147.70 8/17/2006 147.70 8/28/2006 147.40
7/26/2006 148.09 8/6/2006 147.65 8/17/2006 147.65 8/28/2006 147.52
7/26/2006 148.13 8/7/2006 147.52 8/18/2006 147.74 8/29/2006 147.78
7/27/2006 148.26 8/7/2006 147.35 8/18/2006 147.84 8/29/2006 147.97
7/27/2006 148.20 8/8/2006 147.34 8/19/2006 147.84 8/30/2006 148.09
7/28/2006 148.20 8/8/2006 147.58 8/19/2006 147.75 8/30/2006 148.08
7/28/2006 147.99 8/9/2006 147.77 8/20/2006 147.69 8/31/2006 148.06
7/29/2006 147.83 8/9/2006 147.88 8/20/2006 147.54 8/31/2006 147.98
7/29/2006 147.52
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Table 21: Water level data for Well N4 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N4
Date Water Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft)
7/18/2006 148.59 7/30/2006 148.23 8/10/2006 148.60 8/21/2006 148.18
7/19/2006 148.49 7/30/2006 148.24 8/10/2006 148.47 8/21/2006 148.23
7/19/2006 148.36 7/31/2006 148.31 8/11/2006 148.44 8/22/2006 148.24
7/20/2006 148.38 7/31/2006 148.25 8/11/2006 148.38 8/22/2006 148.23
7/20/2006 148.60 8/1/2006 148.24 8/12/2006 148.38 8/23/2006 148.24
7/21/2006 148.77 8/1/2006 148.29 8/12/2006 148.40 8/23/2006 148.25
7/21/2006 148.78 8/2/2006 148.50 8/13/2006 148.36 8/24/2006 148.28
7/22/2006 148.79 8/2/2006 148.62 8/13/2006 148.32 8/24/2006 148.31
7/22/2006 148.85 8/3/2006 148.62 8/14/2006 148.37 8/25/2006 148.28
7/23/2006 148.87 8/3/2006 148.51 8/14/2006 148.42 8/25/2006 148.20
7/23/2006 148.86 8/4/2006 148.49 8/15/2006 148.50 8/26/2006 148.26
7/24/2006 148.78 8/4/2006 148.38 8/15/2006 148.47 8/26/2006 148.29
7/24/2006 148.66 8/5/2006 148.25 8/16/2006 148.43 8/27/2006 148.26
7/25/2006 148.53 8/5/2006 148.31 8/16/2006 148.39 8/27/2006 148.17
7/25/2006 148.72 8/6/2006 148.36 8/17/2006 148.39 8/28/2006 148.10
7/26/2006 148.73 8/6/2006 148.32 8/17/2006 148.34 8/28/2006 148.15
7/26/2006 148.76 8/7/2006 148.19 8/18/2006 148.43 8/29/2006 148.44
7/27/2006 148.90 8/7/2006 148.02 8/18/2006 148.53 8/29/2006 148.61
7/27/2006 148.85 8/8/2006 148.02 8/19/2006 148.53 8/30/2006 148.72
7/28/2006 148.86 8/8/2006 148.25 8/19/2006 148.44 8/30/2006 148.72
7/28/2006 148.66 8/9/2006 148.43 8/20/2006 148.38 8/31/2006 148.72
7/29/2006 148.49 8/9/2006 148.53 8/20/2006 148.23 8/31/2006 148.65
7/29/2006 148.18
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Table 22: Water level change data for Well N5 from 29 July to 31 August 2006 (highest 
and lowest measurements in bold).
Well N5
Date
Water 
Level 
Change 
(ft)
Date
Water 
Level 
Change 
(ft)
Date
Water 
Level 
Change 
(ft)
Date
Water 
Level 
Change 
(ft)
7/29/2006 Reference 8/7/2006 -0.023 8/15/2006 +0.044 8/24/2006 -0.028
7/30/2006 +0.009 8/7/2006 -0.102 8/16/2006 +0.032 8/24/2006 -0.018
7/30/2006 +0.010 8/8/2006 -0.075 8/16/2006 +0.021 8/25/2006 -0.027
7/31/2006 +0.029 8/8/2006 -0.005 8/17/2006 +0.019 8/25/2006 -0.053
7/31/2006 +0.013 8/9/2006 +0.049 8/17/2006 +0.002 8/26/2006 -0.037
8/1/2006 +0.006 8/9/2006 +0.078 8/18/2006 +0.029 8/26/2006 -0.028
8/1/2006 +0.023 8/10/2006 +0.097 8/18/2006 +0.059 8/27/2006 -0.040
8/2/2006 +0.086 8/10/2006 +0.058 8/19/2006 +0.056 8/27/2006 -0.068
8/2/2006 +0.119 8/11/2006 +0.044 8/19/2006 +0.029 8/28/2006 -0.091
8/3/2006 +0.121 8/11/2006 +0.027 8/20/2006 +0.010 8/28/2006 -0.074
8/3/2006 +0.083 8/12/2006 +0.025 8/20/2006 -0.036 8/29/2006 +0.011
8/4/2006 +0.076 8/12/2006 +0.033 8/21/2006 -0.055 8/29/2006 +0.065
8/4/2006 +0.042 8/13/2006 +0.017 8/21/2006 -0.036 8/30/2006 +0.095
8/5/2006 +0.001 8/13/2006 +0.004 8/22/2006 -0.036 8/30/2006 +0.092
8/5/2006 +0.017 8/14/2006 +0.017 8/22/2006 -0.041 8/31/2006 +0.087
8/6/2006 +0.034 8/14/2006 +0.031 8/23/2006 -0.036 8/31/2006 +0.068
8/6/2006 +0.018 8/15/2006 +0.056 8/23/2006 -0.036
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Table 23: Water level data for Well N6 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N6
Date Water Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft)
7/18/2006 149.83 7/30/2006 149.40 8/10/2006 149.68 8/21/2006 149.22
7/19/2006 149.73 7/30/2006 149.40 8/10/2006 149.56 8/21/2006 149.27
7/19/2006 149.59 7/31/2006 149.46 8/11/2006 149.52 8/22/2006 149.28
7/20/2006 149.61 7/31/2006 149.40 8/11/2006 149.46 8/22/2006 149.27
7/20/2006 149.82 8/1/2006 149.38 8/12/2006 149.46 8/23/2006 149.28
7/21/2006 149.98 8/1/2006 149.43 8/12/2006 149.49 8/23/2006 149.28
7/21/2006 149.98 8/2/2006 149.63 8/13/2006 149.44 8/24/2006 149.30
7/22/2006 149.99 8/2/2006 149.74 8/13/2006 149.40 8/24/2006 149.34
7/22/2006 150.04 8/3/2006 149.74 8/14/2006 149.43 8/25/2006 149.30
7/23/2006 150.06 8/3/2006 149.63 8/14/2006 149.47 8/25/2006 149.22
7/23/2006 150.05 8/4/2006 149.61 8/15/2006 149.55 8/26/2006 149.27
7/24/2006 149.97 8/4/2006 149.51 8/15/2006 149.53 8/26/2006 149.30
7/24/2006 149.85 8/5/2006 149.37 8/16/2006 149.49 8/27/2006 149.26
7/25/2006 149.71 8/5/2006 149.42 8/16/2006 149.46 8/27/2006 149.18
7/25/2006 149.89 8/6/2006 149.47 8/17/2006 149.46 8/28/2006 149.09
7/26/2006 149.89 8/6/2006 149.43 8/17/2006 149.41 8/28/2006 149.10
7/26/2006 149.94 8/7/2006 149.30 8/18/2006 149.49 8/29/2006 149.41
7/27/2006 150.08 8/7/2006 149.14 8/18/2006 149.58 8/29/2006 149.61
7/27/2006 150.04 8/8/2006 149.13 8/19/2006 149.58 8/30/2006 149.73
7/28/2006 150.06 8/8/2006 149.34 8/19/2006 149.49 8/30/2006 149.73
7/28/2006 149.86 8/9/2006 149.52 8/20/2006 149.43 8/31/2006 149.73
7/29/2006 149.68 8/9/2006 149.61 8/20/2006 149.28 8/31/2006 149.67
7/29/2006 149.37
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Table 24: Water level data for Well N7 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N7
Date Water Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft)
7/18/2006 151.11 7/30/2006 150.71 8/10/2006 150.95 8/21/2006 150.51
7/19/2006 151.01 7/30/2006 150.70 8/10/2006 150.84 8/21/2006 150.56
7/19/2006 150.87 7/31/2006 150.75 8/11/2006 150.80 8/22/2006 150.57
7/20/2006 150.88 7/31/2006 150.69 8/11/2006 150.75 8/22/2006 150.55
7/20/2006 151.08 8/1/2006 150.68 8/12/2006 150.75 8/23/2006 150.56
7/21/2006 151.22 8/1/2006 150.71 8/12/2006 150.77 8/23/2006 150.57
7/21/2006 151.21 8/2/2006 150.90 8/13/2006 150.73 8/24/2006 150.59
7/22/2006 151.21 8/2/2006 151.01 8/13/2006 150.68 8/24/2006 150.62
7/22/2006 151.25 8/3/2006 151.02 8/14/2006 150.70 8/25/2006 150.59
7/23/2006 151.26 8/3/2006 150.91 8/14/2006 150.73 8/25/2006 150.50
7/23/2006 151.25 8/4/2006 150.90 8/15/2006 150.81 8/26/2006 150.54
7/24/2006 151.19 8/4/2006 150.80 8/15/2006 150.80 8/26/2006 150.56
7/24/2006 151.07 8/5/2006 150.67 8/16/2006 150.77 8/27/2006 150.52
7/25/2006 150.93 8/5/2006 150.72 8/16/2006 150.74 8/27/2006 150.44
7/25/2006 151.09 8/6/2006 150.75 8/17/2006 150.75 8/28/2006 150.35
7/26/2006 151.10 8/6/2006 150.71 8/17/2006 150.69 8/28/2006 150.31
7/26/2006 151.16 8/7/2006 150.59 8/18/2006 150.78 8/29/2006 150.60
7/27/2006 151.31 8/7/2006 150.42 8/18/2006 150.85 8/29/2006 150.84
7/27/2006 151.29 8/8/2006 150.41 8/19/2006 150.85 8/30/2006 151.10
7/28/2006 151.31 8/8/2006 150.62 8/19/2006 150.76 8/30/2006 151.18
7/28/2006 151.13 8/9/2006 150.79 8/20/2006 150.71 8/31/2006 151.21
7/29/2006 150.97 8/9/2006 150.87 8/20/2006 150.57 8/31/2006 151.16
7/29/2006 150.68
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Table 25: Water level data for Well N8 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N8
Date Water Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft) Date
Water 
Level (ft)
7/18/2006 153.35 7/30/2006 153.07 8/10/2006 153.29 8/21/2006 152.80
7/19/2006 153.22 7/30/2006 153.05 8/10/2006 153.17 8/21/2006 152.85
7/19/2006 153.09 7/31/2006 153.10 8/11/2006 153.12 8/22/2006 152.86
7/20/2006 153.11 7/31/2006 153.04 8/11/2006 153.07 8/22/2006 152.85
7/20/2006 153.29 8/1/2006 153.02 8/12/2006 153.08 8/23/2006 152.86
7/21/2006 153.40 8/1/2006 153.07 8/12/2006 153.10 8/23/2006 152.86
7/21/2006 153.38 8/2/2006 153.26 8/13/2006 153.05 8/24/2006 152.89
7/22/2006 153.36 8/2/2006 153.37 8/13/2006 152.99 8/24/2006 152.92
7/22/2006 153.37 8/3/2006 153.37 8/14/2006 153.00 8/25/2006 152.87
7/23/2006 153.35 8/3/2006 153.26 8/14/2006 153.02 8/25/2006 152.78
7/23/2006 153.36 8/4/2006 153.24 8/15/2006 153.10 8/26/2006 152.81
7/24/2006 153.29 8/4/2006 153.14 8/15/2006 153.09 8/26/2006 152.83
7/24/2006 153.19 8/5/2006 153.01 8/16/2006 153.07 8/27/2006 152.79
7/25/2006 153.05 8/5/2006 153.07 8/16/2006 153.05 8/27/2006 152.71
7/25/2006 153.31 8/6/2006 153.09 8/17/2006 153.05 8/28/2006 152.71
7/26/2006 153.30 8/6/2006 153.04 8/17/2006 152.99 8/28/2006 153.13
7/26/2006 153.39 8/7/2006 152.91 8/18/2006 153.07 8/29/2006 153.31
7/27/2006 153.53 8/7/2006 152.75 8/18/2006 153.14 8/29/2006 153.64
7/27/2006 153.51 8/8/2006 152.74 8/19/2006 153.12 8/30/2006 153.74
7/28/2006 153.55 8/8/2006 153.00 8/19/2006 153.04 8/30/2006 153.85
7/28/2006 153.39 8/9/2006 153.13 8/20/2006 152.99 8/31/2006 153.89
7/29/2006 153.29 8/9/2006 153.23 8/20/2006 152.85 8/31/2006 153.82
7/29/2006 153.04
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Table 26: Water level data for Well N9 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N9
Date Water Level (ft) Date
Water 
Level (ft) Date
Water
Level (f
 
t) Date
Water 
Level (ft)
7/18/2006 154.41 7/30/2006 154.05 8/10/2006 154.18 8/21/2006 153.68
7/19/2006 154.28 7/30/2006 154.02 8/10/2006 154.06 8/21/2006 153.73
7/19/2006 154.13 7/31/2006 154.06 8/11/2006 154.02 8/22/2006 153.74
7/20/2006 154.12 7/31/2006 153.98 8/11/2006 153.96 8/22/2006 153.73
7/20/2006 154.30 8/1/2006 153.94 8/12/2006 153.96 8/23/2006 153.74
7/21/2006 154.41 8/1/2006 153.98 8/12/2006 153.98 8/23/2006 153.74
7/21/2006 154.38 8/2/2006 154.16 8/13/2006 153.93 8/24/2006 153.76
7/22/2006 154.35 8/2/2006 154.27 8/13/2006 153.88 8/24/2006 153.79
7/22/2006 154.37 8/3/2006 154.28 8/14/2006 153.89 8/25/2006 153.75
7/23/2006 154.36 8/3/2006 154.17 8/14/2006 153.91 8/25/2006 153.66
7/23/2006 154.36 8/4/2006 154.15 8/15/2006 154.00 8/26/2006 153.70
7/24/2006 154.30 8/4/2006 154.05 8/15/2006 153.99 8/26/2006 153.72
7/24/2006 154.19 8/5/2006 153.91 8/16/2006 153.96 8/27/2006 153.68
7/25/2006 154.06 8/5/2006 153.96 8/16/2006 153.94 8/27/2006 153.60
7/25/2006 154.25 8/6/2006 153.98 8/17/2006 153.94 8/28/2006 153.57
7/26/2006 154.28 8/6/2006 153.93 8/17/2006 153.88 8/28/2006 153.65
7/26/2006 154.39 8/7/2006 153.80 8/18/2006 153.96 8/29/2006 154.08
7/27/2006 154.55 8/7/2006 153.64 8/18/2006 154.03 8/29/2006 154.96
7/27/2006 154.54 8/8/2006 153.62 8/19/2006 154.02 8/30/2006 155.57
7/28/2006 154.59 8/8/2006 153.85 8/19/2006 153.94 8/30/2006 155.73
7/28/2006 154.42 8/9/2006 154.01 8/20/2006 153.88 8/31/2006 155.73
7/29/2006 154.31 8/9/2006 154.11 8/20/2006 153.74 8/31/2006 155.61
7/29/2006 154.03
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Table 27: Water level data for Well N10 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well N10
Date Water Level (ft) Date
Water 
Level (ft) Date
Water
Level (f
 
t) Date
Water 
Level (ft)
7/18/2006 156.53 7/30/2006 156.13 8/10/2006 156.07 8/21/2006 155.37
7/19/2006 156.32 7/30/2006 156.04 8/10/2006 155.91 8/21/2006 155.41
7/19/2006 156.10 7/31/2006 156.02 8/11/2006 155.83 8/22/2006 155.41
7/20/2006 156.03 7/31/2006 155.90 8/11/2006 155.76 8/22/2006 155.40
7/20/2006 156.19 8/1/2006 155.84 8/12/2006 155.74 8/23/2006 155.40
7/21/2006 156.28 8/1/2006 155.93 8/12/2006 155.74 8/23/2006 155.40
7/21/2006 156.24 8/2/2006 156.07 8/13/2006 155.67 8/24/2006 155.41
7/22/2006 156.21 8/2/2006 156.21 8/13/2006 155.62 8/24/2006 155.44
7/22/2006 156.24 8/3/2006 156.19 8/14/2006 155.67 8/25/2006 155.39
7/23/2006 156.23 8/3/2006 156.07 8/14/2006 155.68 8/25/2006 155.30
7/23/2006 156.25 8/4/2006 156.02 8/15/2006 155.76 8/26/2006 155.33
7/24/2006 156.20 8/4/2006 155.89 8/15/2006 155.75 8/26/2006 155.36
7/24/2006 156.11 8/5/2006 155.73 8/16/2006 155.71 8/27/2006 155.31
7/25/2006 156.08 8/5/2006 155.81 8/16/2006 155.68 8/27/2006 155.23
7/25/2006 156.39 8/6/2006 155.82 8/17/2006 155.66 8/28/2006 155.29
7/26/2006 156.46 8/6/2006 155.76 8/17/2006 155.60 8/28/2006 155.94
7/26/2006 156.64 8/7/2006 155.62 8/18/2006 155.67 8/29/2006 156.43
7/27/2006 156.82 8/7/2006 155.44 8/18/2006 155.74 8/29/2006 156.85
7/27/2006 156.82 8/8/2006 155.41 8/19/2006 155.73 8/30/2006 157.05
7/28/2006 156.85 8/8/2006 155.77 8/19/2006 155.65 8/30/2006 157.09
7/28/2006 156.66 8/9/2006 155.94 8/20/2006 155.58 8/31/2006 157.01
7/29/2006 156.51 8/9/2006 156.03 8/20/2006 155.44 8/31/2006 156.91
7/29/2006 156.19
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Table 28: Water level data for Well E2 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E2
Date WaterLevel (f
 
t) Date
Water
Level (f
 
t) Date
Water
Level (f
 
t) Date
Water 
Level (ft)
7/18/2006 145.22 7/30/2006 144.89 8/10/2006 145.30 8/21/2006 144.94
7/19/2006 145.13 7/30/2006 144.90 8/10/2006 145.18 8/21/2006 144.98
7/19/2006 145.00 7/31/2006 144.98 8/11/2006 145.15 8/22/2006 145.00
7/20/2006 145.04 7/31/2006 144.93 8/11/2006 145.09 8/22/2006 144.99
7/20/2006 145.25 8/1/2006 144.92 8/12/2006 145.11 8/23/2006 145.02
7/21/2006 145.41 8/1/2006 144.97 8/12/2006 145.13 8/23/2006 145.03
7/21/2006 145.40 8/2/2006 145.19 8/13/2006 145.09 8/24/2006 145.06
7/22/2006 145.41 8/2/2006 145.30 8/13/2006 145.06 8/24/2006 145.11
7/22/2006 145.44 8/3/2006 145.31 8/14/2006 145.11 8/25/2006 145.08
7/23/2006 145.45 8/3/2006 145.19 8/14/2006 145.14 8/25/2006 145.00
7/23/2006 145.43 8/4/2006 145.18 8/15/2006 145.22 8/26/2006 145.06
7/24/2006 145.36 8/4/2006 145.08 8/15/2006 145.19 8/26/2006 145.08
7/24/2006 145.24 8/5/2006 144.95 8/16/2006 145.16 8/27/2006 145.05
7/25/2006 145.12 8/5/2006 145.01 8/16/2006 145.13 8/27/2006 144.96
7/25/2006 145.28 8/6/2006 145.07 8/17/2006 145.14 8/28/2006 144.90
7/26/2006 145.27 8/6/2006 145.02 8/17/2006 145.09 8/28/2006 144.89
7/26/2006 145.31 8/7/2006 144.90 8/18/2006 145.19 8/29/2006 145.13
7/27/2006 145.45 8/7/2006 144.73 8/18/2006 145.28 8/29/2006 145.24
7/27/2006 145.40 8/8/2006 144.74 8/19/2006 145.28 8/30/2006 145.36
7/28/2006 145.42 8/8/2006 144.96 8/19/2006 145.19 8/30/2006 145.37
7/28/2006 145.22 8/9/2006 145.15 8/20/2006 145.14 8/31/2006 145.39
7/29/2006 145.09 8/9/2006 145.23 8/20/2006 144.98 8/31/2006 145.35
7/29/2006 144.82
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Table 29: Water level data for Well E3 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E3
Date WaterLevel (f
 
t) Date
Water
Level (f
 
t) Date
Water
Level (f
 
t) Date
Water 
Level (ft)
7/18/2006 144.86 7/30/2006 144.53 8/10/2006 144.94 8/21/2006 144.61
7/19/2006 144.77 7/30/2006 144.54 8/10/2006 144.82 8/21/2006 144.67
7/19/2006 144.66 7/31/2006 144.61 8/11/2006 144.80 8/22/2006 144.69
7/20/2006 144.69 7/31/2006 144.57 8/11/2006 144.75 8/22/2006 144.68
7/20/2006 144.90 8/1/2006 144.57 8/12/2006 144.77 8/23/2006 144.70
7/21/2006 145.05 8/1/2006 144.62 8/12/2006 144.79 8/23/2006 144.71
7/21/2006 145.03 8/2/2006 144.82 8/13/2006 144.75 8/24/2006 144.74
7/22/2006 145.03 8/2/2006 144.93 8/13/2006 144.71 8/24/2006 144.78
7/22/2006 145.04 8/3/2006 144.94 8/14/2006 144.75 8/25/2006 144.75
7/23/2006 145.04 8/3/2006 144.83 8/14/2006 144.77 8/25/2006 144.66
7/23/2006 145.02 8/4/2006 144.83 8/15/2006 144.86 8/26/2006 144.72
7/24/2006 144.95 8/4/2006 144.73 8/15/2006 144.84 8/26/2006 144.74
7/24/2006 144.84 8/5/2006 144.62 8/16/2006 144.82 8/27/2006 144.71
7/25/2006 144.71 8/5/2006 144.67 8/16/2006 144.79 8/27/2006 144.62
7/25/2006 144.85 8/6/2006 144.73 8/17/2006 144.81 8/28/2006 144.55
7/26/2006 144.84 8/6/2006 144.68 8/17/2006 144.76 8/28/2006 144.52
7/26/2006 144.88 8/7/2006 144.56 8/18/2006 144.86 8/29/2006 144.71
7/27/2006 145.02 8/7/2006 144.40 8/18/2006 144.94 8/29/2006 144.81
7/27/2006 144.98 8/8/2006 144.40 8/19/2006 144.95 8/30/2006 144.92
7/28/2006 145.02 8/8/2006 144.62 8/19/2006 144.85 8/30/2006 144.94
7/28/2006 144.83 8/9/2006 144.80 8/20/2006 144.80 8/31/2006 144.99
7/29/2006 144.71 8/9/2006 144.87 8/20/2006 144.66 8/31/2006 144.97
7/29/2006 144.45
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Table 30: Water level data for Well E4 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E4
Date WaterLevel (
 
ft) Date
Wate
Level (
r 
ft) Date
Wate
Level (
r 
ft) Date
Water 
Level (ft)
7/18/2006 144.83 7/30/2006 144.45 8/10/2006 144.83 8/21/2006 144.56
7/19/2006 144.73 7/30/2006 144.45 8/10/2006 144.71 8/21/2006 144.62
7/19/2006 144.60 7/31/2006 144.53 8/11/2006 144.70 8/22/2006 144.64
7/20/2006 144.64 7/31/2006 144.48 8/11/2006 144.65 8/22/2006 144.63
7/20/2006 144.84 8/1/2006 144.48 8/12/2006 144.68 8/23/2006 144.65
7/21/2006 144.98 8/1/2006 144.53 8/12/2006 144.71 8/23/2006 144.67
7/21/2006 144.94 8/2/2006 144.72 8/13/2006 144.67 8/24/2006 144.70
7/22/2006 144.92 8/2/2006 144.82 8/13/2006 144.63 8/24/2006 144.74
7/22/2006 144.93 8/3/2006 144.84 8/14/2006 144.66 8/25/2006 144.71
7/23/2006 144.92 8/3/2006 144.73 8/14/2006 144.67 8/25/2006 144.63
7/23/2006 144.89 8/4/2006 144.73 8/15/2006 144.76 8/26/2006 144.68
7/24/2006 144.83 8/4/2006 144.64 8/15/2006 144.76 8/26/2006 144.70
7/24/2006 144.71 8/5/2006 144.53 8/16/2006 144.74 8/27/2006 144.67
7/25/2006 144.58 8/5/2006 144.59 8/16/2006 144.72 8/27/2006 144.58
7/25/2006 144.69 8/6/2006 144.64 8/17/2006 144.75 8/28/2006 144.51
7/26/2006 144.68 8/6/2006 144.58 8/17/2006 144.69 8/28/2006 144.45
7/26/2006 144.73 8/7/2006 144.47 8/18/2006 144.80 8/29/2006 144.60
7/27/2006 144.88 8/7/2006 144.31 8/18/2006 144.88 8/29/2006 144.65
7/27/2006 144.84 8/8/2006 144.32 8/19/2006 144.88 8/30/2006 144.76
7/28/2006 144.89 8/8/2006 144.53 8/19/2006 144.78 8/30/2006 144.79
7/28/2006 144.71 8/9/2006 144.70 8/20/2006 144.74 8/31/2006 144.87
7/29/2006 144.61 8/9/2006 144.76 8/20/2006 144.60 8/31/2006 144.87
7/29/2006 144.36
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Table 31: Water level data for Well E5 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E5
Date WaterLevel (
 
ft) Date
Wate
Level (
r 
ft) Date
Wate
Level (
r 
ft) Date
Water 
Level (ft)
7/18/2006 144.80 7/30/2006 144.46 8/10/2006 144.83 8/21/2006 144.57
7/19/2006 144.72 7/30/2006 144.46 8/10/2006 144.72 8/21/2006 144.63
7/19/2006 144.59 7/31/2006 144.54 8/11/2006 144.71 8/22/2006 144.65
7/20/2006 144.63 7/31/2006 144.49 8/11/2006 144.66 8/22/2006 144.64
7/20/2006 144.84 8/1/2006 144.50 8/12/2006 144.70 8/23/2006 144.67
7/21/2006 144.97 8/1/2006 144.54 8/12/2006 144.72 8/23/2006 144.68
7/21/2006 144.93 8/2/2006 144.73 8/13/2006 144.69 8/24/2006 144.72
7/22/2006 144.91 8/2/2006 144.83 8/13/2006 144.65 8/24/2006 144.76
7/22/2006 144.91 8/3/2006 144.84 8/14/2006 144.67 8/25/2006 144.73
7/23/2006 144.90 8/3/2006 144.75 8/14/2006 144.68 8/25/2006 144.65
7/23/2006 144.87 8/4/2006 144.74 8/15/2006 144.77 8/26/2006 144.70
7/24/2006 144.81 8/4/2006 144.65 8/15/2006 144.77 8/26/2006 144.71
7/24/2006 144.69 8/5/2006 144.55 8/16/2006 144.75 8/27/2006 144.67
7/25/2006 144.56 8/5/2006 144.60 8/16/2006 144.74 8/27/2006 144.59
7/25/2006 144.68 8/6/2006 144.65 8/17/2006 144.76 8/28/2006 144.51
7/26/2006 144.66 8/6/2006 144.60 8/17/2006 144.71 8/28/2006 144.42
7/26/2006 144.71 8/7/2006 144.48 8/18/2006 144.81 8/29/2006 144.57
7/27/2006 144.86 8/7/2006 144.32 8/18/2006 144.89 8/29/2006 144.61
7/27/2006 144.83 8/8/2006 144.33 8/19/2006 144.89 8/30/2006 144.71
7/28/2006 144.88 8/8/2006 144.54 8/19/2006 144.79 8/30/2006 144.76
7/28/2006 144.71 8/9/2006 144.70 8/20/2006 144.75 8/31/2006 144.84
7/29/2006 144.61 8/9/2006 144.76 8/20/2006 144.61 8/31/2006 144.84
7/29/2006 144.36
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Table 32: Water level data for Well E6 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E6
Date WateLevel (
r 
ft) Date
Wate
Level (
r 
ft) Date
Wate
Level (
r 
ft) Date
Water 
Level (ft)
7/18/2006 145.14 7/30/2006 144.81 8/10/2006 145.19 8/21/2006 144.92
7/19/2006 145.07 7/30/2006 144.82 8/10/2006 145.07 8/21/2006 144.98
7/19/2006 144.94 7/31/2006 144.90 8/11/2006 145.06 8/22/2006 144.99
7/20/2006 144.98 7/31/2006 144.85 8/11/2006 145.01 8/22/2006 144.98
7/20/2006 145.19 8/1/2006 144.86 8/12/2006 145.05 8/23/2006 145.01
7/21/2006 145.33 8/1/2006 144.90 8/12/2006 145.07 8/23/2006 145.02
7/21/2006 145.29 8/2/2006 145.09 8/13/2006 145.04 8/24/2006 145.06
7/22/2006 145.28 8/2/2006 145.19 8/13/2006 145.00 8/24/2006 145.10
7/22/2006 145.28 8/3/2006 145.20 8/14/2006 145.02 8/25/2006 145.07
7/23/2006 145.27 8/3/2006 145.10 8/14/2006 145.03 8/25/2006 144.98
7/23/2006 145.25 8/4/2006 145.10 8/15/2006 145.12 8/26/2006 145.04
7/24/2006 145.19 8/4/2006 145.01 8/15/2006 145.11 8/26/2006 145.05
7/24/2006 145.07 8/5/2006 144.90 8/16/2006 145.10 8/27/2006 145.02
7/25/2006 144.94 8/5/2006 144.96 8/16/2006 145.08 8/27/2006 144.93
7/25/2006 145.06 8/6/2006 145.01 8/17/2006 145.11 8/28/2006 144.86
7/26/2006 145.05 8/6/2006 144.95 8/17/2006 145.06 8/28/2006 144.77
7/26/2006 145.10 8/7/2006 144.84 8/18/2006 145.16 8/29/2006 144.93
7/27/2006 145.25 8/7/2006 144.68 8/18/2006 145.24 8/29/2006 144.97
7/27/2006 145.21 8/8/2006 144.68 8/19/2006 145.24 8/30/2006 145.07
7/28/2006 145.27 8/8/2006 144.89 8/19/2006 145.14 8/30/2006 145.11
7/28/2006 145.10 8/9/2006 145.05 8/20/2006 145.10 8/31/2006 145.20
7/29/2006 144.98 8/9/2006 145.11 8/20/2006 144.96 8/31/2006 145.20
7/29/2006 144.72
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Table 33: Water level data for Well E7 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E7
Date WateLevel (
r 
ft) Date
Wate
Level (
r 
ft) Date
Wate
Level (
r 
ft) Date
Water 
Level (ft)
7/18/2006 145.88 7/30/2006 145.57 8/10/2006 145.94 8/21/2006 145.67
7/19/2006 145.79 7/30/2006 145.57 8/10/2006 145.83 8/21/2006 145.73
7/19/2006 145.69 7/31/2006 145.65 8/11/2006 145.82 8/22/2006 145.75
7/20/2006 145.74 7/31/2006 145.60 8/11/2006 145.77 8/22/2006 145.73
7/20/2006 145.95 8/1/2006 145.61 8/12/2006 145.80 8/23/2006 145.76
7/21/2006 146.10 8/1/2006 145.65 8/12/2006 145.83 8/23/2006 145.77
7/21/2006 146.06 8/2/2006 145.85 8/13/2006 145.79 8/24/2006 145.80
7/22/2006 146.06 8/2/2006 145.94 8/13/2006 145.76 8/24/2006 145.84
7/22/2006 146.07 8/3/2006 145.96 8/14/2006 145.78 8/25/2006 145.82
7/23/2006 146.06 8/3/2006 145.85 8/14/2006 145.79 8/25/2006 145.73
7/23/2006 146.03 8/4/2006 145.85 8/15/2006 145.88 8/26/2006 145.79
7/24/2006 145.96 8/4/2006 145.76 8/15/2006 145.87 8/26/2006 145.80
7/24/2006 145.84 8/5/2006 145.66 8/16/2006 145.86 8/27/2006 145.77
7/25/2006 145.72 8/5/2006 145.71 8/16/2006 145.84 8/27/2006 145.68
7/25/2006 145.85 8/6/2006 145.76 8/17/2006 145.86 8/28/2006 145.61
7/26/2006 145.83 8/6/2006 145.71 8/17/2006 145.81 8/28/2006 145.53
7/26/2006 145.88 8/7/2006 145.60 8/18/2006 145.92 8/29/2006 145.70
7/27/2006 146.04 8/7/2006 145.43 8/18/2006 146.00 8/29/2006 145.73
7/27/2006 145.99 8/8/2006 145.44 8/19/2006 146.00 8/30/2006 145.83
7/28/2006 146.05 8/8/2006 145.65 8/19/2006 145.90 8/30/2006 145.87
7/28/2006 145.87 8/9/2006 145.82 8/20/2006 145.86 8/31/2006 145.95
7/29/2006 145.73 8/9/2006 145.87 8/20/2006 145.71 8/31/2006 145.94
7/29/2006 145.47
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Table 34: Water level data for Well E8 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E8
Date WateLevel 
r 
(ft) Date
Wate
Level 
r 
(ft) Date
Wate
Level 
r 
(ft) Date
Water 
Level (ft)
7/18/2006 146.78 7/30/2006 146.44 8/10/2006 146.82 8/21/2006 146.56
7/19/2006 146.71 7/30/2006 146.44 8/10/2006 146.70 8/21/2006 146.61
7/19/2006 146.57 7/31/2006 146.51 8/11/2006 146.70 8/22/2006 146.63
7/20/2006 146.62 7/31/2006 146.46 8/11/2006 146.64 8/22/2006 146.61
7/20/2006 146.83 8/1/2006 146.47 8/12/2006 146.68 8/23/2006 146.64
7/21/2006 146.99 8/1/2006 146.52 8/12/2006 146.70 8/23/2006 146.65
7/21/2006 146.95 8/2/2006 146.72 8/13/2006 146.67 8/24/2006 146.68
7/22/2006 146.95 8/2/2006 146.81 8/13/2006 146.63 8/24/2006 146.72
7/22/2006 146.96 8/3/2006 146.83 8/14/2006 146.66 8/25/2006 146.70
7/23/2006 146.96 8/3/2006 146.72 8/14/2006 146.67 8/25/2006 146.61
7/23/2006 146.92 8/4/2006 146.72 8/15/2006 146.76 8/26/2006 146.67
7/24/2006 146.86 8/4/2006 146.63 8/15/2006 146.75 8/26/2006 146.69
7/24/2006 146.73 8/5/2006 146.52 8/16/2006 146.73 8/27/2006 146.66
7/25/2006 146.61 8/5/2006 146.58 8/16/2006 146.71 8/27/2006 146.56
7/25/2006 146.75 8/6/2006 146.63 8/17/2006 146.74 8/28/2006 146.50
7/26/2006 146.72 8/6/2006 146.57 8/17/2006 146.69 8/28/2006 146.42
7/26/2006 146.77 8/7/2006 146.47 8/18/2006 146.80 8/29/2006 146.59
7/27/2006 146.94 8/7/2006 146.31 8/18/2006 146.88 8/29/2006 146.63
7/27/2006 146.89 8/8/2006 146.32 8/19/2006 146.88 8/30/2006 146.72
7/28/2006 146.95 8/8/2006 146.53 8/19/2006 146.78 8/30/2006 146.76
7/28/2006 146.76 8/9/2006 146.69 8/20/2006 146.74 8/31/2006 146.83
7/29/2006 146.60 8/9/2006 146.74 8/20/2006 146.59 8/31/2006 146.83
7/29/2006 146.34
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Table 35: Water level data for Well E9 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well E9
Date WateLevel 
r 
(ft) Date
Wate
Level 
r 
(ft) Date
Wate
Level 
r 
(ft) Date
Water 
Level (ft)
7/18/2006 147.75 7/30/2006 147.42 8/10/2006 147.76 8/21/2006 147.47
7/19/2006 147.66 7/30/2006 147.42 8/10/2006 147.64 8/21/2006 147.52
7/19/2006 147.56 7/31/2006 147.49 8/11/2006 147.63 8/22/2006 147.54
7/20/2006 147.61 7/31/2006 147.44 8/11/2006 147.58 8/22/2006 147.52
7/20/2006 147.83 8/1/2006 147.44 8/12/2006 147.61 8/23/2006 147.54
7/21/2006 147.99 8/1/2006 147.49 8/12/2006 147.63 8/23/2006 147.55
7/21/2006 147.96 8/2/2006 147.69 8/13/2006 147.60 8/24/2006 147.58
7/22/2006 147.97 8/2/2006 147.78 8/13/2006 147.56 8/24/2006 147.62
7/22/2006 147.98 8/3/2006 147.79 8/14/2006 147.60 8/25/2006 147.60
7/23/2006 147.99 8/3/2006 147.67 8/14/2006 147.60 8/25/2006 147.51
7/23/2006 147.95 8/4/2006 147.67 8/15/2006 147.69 8/26/2006 147.57
7/24/2006 147.88 8/4/2006 147.58 8/15/2006 147.67 8/26/2006 147.59
7/24/2006 147.75 8/5/2006 147.47 8/16/2006 147.66 8/27/2006 147.57
7/25/2006 147.63 8/5/2006 147.53 8/16/2006 147.63 8/27/2006 147.47
7/25/2006 147.78 8/6/2006 147.58 8/17/2006 147.66 8/28/2006 147.40
7/26/2006 147.75 8/6/2006 147.52 8/17/2006 147.60 8/28/2006 147.33
7/26/2006 147.80 8/7/2006 147.41 8/18/2006 147.72 8/29/2006 147.51
7/27/2006 147.96 8/7/2006 147.25 8/18/2006 147.79 8/29/2006 147.54
7/27/2006 147.91 8/8/2006 147.26 8/19/2006 147.80 8/30/2006 147.63
7/28/2006 147.97 8/8/2006 147.47 8/19/2006 147.70 8/30/2006 147.66
7/28/2006 147.77 8/9/2006 147.64 8/20/2006 147.66 8/31/2006 147.73
7/29/2006 147.60 8/9/2006 147.68 8/20/2006 147.50 8/31/2006 147.73
7/29/2006 147.33
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Table 36: Water level data for Well MC1 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well MC1
Date WatLevel 
er 
(ft) Date
Wat
Level
er 
 (ft) Date
Wat
Level
er 
 (ft) Date
Water 
Level (ft)
7/18/2006 161.01 7/30/2006 160.17 8/10/2006 160.21 8/21/2006 159.69
7/19/2006 160.94 7/30/2006 160.13 8/10/2006 160.06 8/21/2006 159.71
7/19/2006 160.71 7/31/2006 160.16 8/11/2006 160.05 8/22/2006 159.71
7/20/2006 160.77 7/31/2006 160.07 8/11/2006 159.97 8/22/2006 159.67
7/20/2006 161.02 8/1/2006 160.06 8/12/2006 160.00 8/23/2006 159.68
7/21/2006 161.28 8/1/2006 160.11 8/12/2006 160.00 8/23/2006 159.66
7/21/2006 161.26 8/2/2006 160.31 8/13/2006 159.97 8/24/2006 159.69
7/22/2006 161.46 8/2/2006 160.38 8/13/2006 159.95 8/24/2006 159.71
7/22/2006 161.52 8/3/2006 160.37 8/14/2006 160.02 8/25/2006 159.70
7/23/2006 161.59 8/3/2006 160.22 8/14/2006 160.00 8/25/2006 159.60
7/23/2006 161.39 8/4/2006 160.20 8/15/2006 160.09 8/26/2006 159.70
7/24/2006 161.26 8/4/2006 160.07 8/15/2006 160.03 8/26/2006 159.72
7/24/2006 161.02 8/5/2006 159.95 8/16/2006 159.99 8/27/2006 159.69
7/25/2006 160.98 8/5/2006 160.03 8/16/2006 159.94 8/27/2006 159.54
7/25/2006 161.32 8/6/2006 160.08 8/17/2006 159.97 8/28/2006 159.54
7/26/2006 161.18 8/6/2006 160.00 8/17/2006 159.90 8/28/2006 159.61
7/26/2006 161.21 8/7/2006 159.89 8/18/2006 160.04 8/29/2006 159.92
7/27/2006 161.48 8/7/2006 159.71 8/18/2006 160.11 8/29/2006 159.97
7/27/2006 161.30 8/8/2006 159.72 8/19/2006 160.12 8/30/2006 160.00
7/28/2006 161.31 8/8/2006 159.95 8/19/2006 159.98 8/30/2006 159.94
7/28/2006 160.97 8/9/2006 160.12 8/20/2006 159.92 8/31/2006 159.96
7/29/2006 160.49 8/9/2006 160.14 8/20/2006 159.73 8/31/2006 159.93
7/29/2006 160.10
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Table 37: Water level data for Well MC2 from 18 July to 31 August 2006 (highest and 
lowest measurements in bold).
Well MC2
Date WatLevel 
er 
(ft) Date
Wat
Level
er 
 (ft) Date
Wat
Level
er 
 (ft) Date
Water 
Level (ft)
7/18/2006 159.42 7/30/2006 158.66 8/10/2006 158.75 8/21/2006 158.27
7/19/2006 159.34 7/30/2006 158.63 8/10/2006 158.61 8/21/2006 158.29
7/19/2006 159.14 7/31/2006 158.67 8/11/2006 158.60 8/22/2006 158.30
7/20/2006 159.20 7/31/2006 158.58 8/11/2006 158.52 8/22/2006 158.26
7/20/2006 159.44 8/1/2006 158.57 8/12/2006 158.55 8/23/2006 158.27
7/21/2006 159.68 8/1/2006 158.63 8/12/2006 158.56 8/23/2006 158.26
7/21/2006 159.67 8/2/2006 158.83 8/13/2006 158.52 8/24/2006 158.28
7/22/2006 159.83 8/2/2006 158.90 8/13/2006 158.50 8/24/2006 158.31
7/22/2006 159.90 8/3/2006 158.90 8/14/2006 158.57 8/25/2006 158.30
7/23/2006 159.97 8/3/2006 158.75 8/14/2006 158.55 8/25/2006 158.20
7/23/2006 159.78 8/4/2006 158.72 8/15/2006 158.64 8/26/2006 158.29
7/24/2006 159.67 8/4/2006 158.60 8/15/2006 158.59 8/26/2006 158.32
7/24/2006 159.44 8/5/2006 158.48 8/16/2006 158.55 8/27/2006 158.29
7/25/2006 159.38 8/5/2006 158.56 8/16/2006 158.50 8/27/2006 158.15
7/25/2006 159.71 8/6/2006 158.61 8/17/2006 158.53 8/28/2006 158.12
7/26/2006 159.59 8/6/2006 158.54 8/17/2006 158.47 8/28/2006 158.16
7/26/2006 159.62 8/7/2006 158.43 8/18/2006 158.60 8/29/2006 158.47
7/27/2006 159.88 8/7/2006 158.24 8/18/2006 158.68 8/29/2006 158.52
7/27/2006 159.71 8/8/2006 158.26 8/19/2006 158.68 8/30/2006 158.57
7/28/2006 159.74 8/8/2006 158.48 8/19/2006 158.55 8/30/2006 158.51
7/28/2006 159.43 8/9/2006 158.65 8/20/2006 158.49 8/31/2006 158.53
7/29/2006 158.97 8/9/2006 158.68 8/20/2006 158.31 8/31/2006 158.50
7/29/2006 158.59
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Appendix B: Soil pit logs 
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Figure 17: Soil test pit #1. 
 
 
Figure 18: Soil test pit #2. 
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Figure 19: Soil test pit #3. 
 
 
Figure 20: Soil test pit #4. 
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Figure 21: Soil test pit #5. 
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Appendix C: Marx Creek raw discharge data 
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Table 38: Marx Creek raw discharge data measured on 17 July 2006.
Weir 
Number
Notch 
Width (ft)
Water Height 
in Notch (ft)
Flow 
Velocity 
(ft/sec)
Total 
Discharge 
(ft^3/day)
1 0.50 0.46 1.57 31,086
2 0.58 0.88 2.21 97,461
4 * 1.04 0.29 1.71 181,976
0.58 1.00 2.72
5 * 1.54 0.25 3.38 273,294
0.79 1.00 2.35
6 * 1.08 0.21 2.40 314,340
0.83 1.08 3.43
7 1.21 1.00 3.85 401,940
9 *
1.71 0.19 2.24
412,3731.04 0.17 1.96
0.79 1.10 4.25
11 *
1.25 0.25 2.20
484,7041.67 0.25 2.70
0.75 1.17 4.34
12 *
0.73 0.25 2.27
524,0331.21 0.25 2.60
0.92 1.17 4.55
13 *
0.92 0.21 2.85
625,8151.42 0.21 2.58
1.00 1.19 5.00
15 * 3.00 0.25 1.10 975,330
2.04 1.25 4.10
16 2.50 1.00 4.50 972,000
* Denotes a weir where water flowed through multiple notches
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Table 39: Marx Creek raw discharge data measured on 2 July 2007.
Weir 
Number
Notch 
Width (ft)
Water Height 
in Notch (ft)
Flow 
Velocity 
(ft/sec)
Total 
Discharge 
(ft^3/day)
1 0.64 0.32 1.47 26,011
2 0.61 0.59 1.75 54,417
3 0.55 0.57 1.65 44,693
4 0.47 1.05 1.99 84,850
5 * 0.83 0.79 2.15 125,693
0.42 0.08 1.34
6 0.85 0.96 2.41 169,911
7 1.22 0.71 2.91 217,783
8 0.85 0.93 2.80 191,238
9 0.82 0.95 2.74 184,417
10 0.81 0.94 2.93 192,750
11 *
0.77 1.05 2.75
208,5181.70 0.09 0.91
1.27 0.05 0.80
12 *
0.90 0.98 2.99
237,0641.21 0.06 0.70
0.75 0.08 0.93
13 *
1.02 0.91 3.22
265,7891.06 0.06 0.83
0.95 0.05 0.73
14 1.97 1.00 4.20 714,874
15 * 2.05 1.10 4.30 846,763
2.60 0.04 1.00
* Denotes a weir where water flowed through multiple notches
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Appendix D: Slug and pumping test data and analysis graphs 
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Well 1 
Table 40: Well 1 slug test data. 
Depth to Static Water Level: 9.89 ft 
  
Slug Test 
Depth to Water 
Level (ft) Elapsed Time (sec) 
28 8.50 
32 9.30 
35 9.60 
38 9.70 
40 9.76 
44 9.82 
51 9.83 
59 9.84 
78 9.85 
102 9.86 
152 9.87 
234 9.88 
379 9.89 
 
 
Figure 22: Well 1 slug test analysis. 
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Well N2 
Table 41: Well N2 slug test data. 
Depth to Static Water Level: 8.96 ft 
  
Slug Test 
Elapsed Time 
(sec) 
Depth to Water 
Level (ft) 
18 8.90 
20 8.91 
27 8.94 
33 8.95 
38 8.95 
44 8.96 
 
 
Figure 23: Well N2 slug test analysis. 
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Well N3 
Table 42: Well N3 slug test data. 
Depth to Static Water Level: 4.36 ft 
  
Slug Test 
Depth to Water 
Level (ft) Elapsed Time (sec) 
16 4.22 
23 4.23 
27 4.24 
35 4.26 
43 4.27 
51 4.28 
59 4.29 
73 4.30 
100 4.31 
127 4.32 
184 4.33 
280 4.34 
 
 
Figure 24: Well N3 slug test analysis. 
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Well N4 
Table 43: Well N4 slug test data. 
Depth to Static Water Level: 10.20 ft 
  
Slug Test 
Depth to 
Water 
Level (ft) 
Elapsed Time (sec) 
25 10.07 
28 10.08 
31 10.09 
35 10.10 
41 10.11 
47 10.12 
53 10.13 
58 10.14 
67 10.15 
75 10.16 
87 10.17 
98 10.18 
123 10.19 
143 10.20 
 
 
Figure 25: Well N4 slug test analysis. 
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Well N5 
Table 44: Well N5 slug test data. 
Depth to Static Water Level: 9.16 ft 
  
Slug Test 
Depth to Water 
Level (ft) Elapsed Time (sec) 
21 9.04 
30 9.05 
46 9.06 
70 9.07 
98 9.08 
131 9.09 
176 9.10 
216 9.11 
258 9.12 
323 9.13 
406 9.14 
493 9.15 
 
 
Figure 26: Well N5 slug test analysis. 
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Well N6 
Table 45: Well N6 slug test data. 
Depth to Static Water Level: 8.46 ft 
  
Slug Test 
Depth to 
Water 
Level (ft) 
Elapsed Time (sec) 
28 7.45 
35 7.90 
39 8.10 
46 8.28 
53 8.34 
57 8.38 
61 8.40 
66 8.41 
68 8.42 
75 8.43 
80 8.44 
90 8.45 
115 8.46 
 
 
Figure 27: Well N6 slug test analysis. 
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Well N7 
Table 46: Well N7 slug test data. 
Depth to Static Water Level: 8.40 ft 
  
Slug Test 
Depth to 
Water 
Level (ft) 
Elapsed Time (sec) 
28 7.65 
33 7.98 
40 8.18 
44 8.25 
49 8.30 
52 8.31 
61 8.35 
66 8.36 
71 8.37 
75 8.38 
87 8.39 
105 8.40 
 
 
Figure 28: Well N7 slug test analysis. 
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Well N8 
Table 47: Well N8 slug test data. 
Depth to Static Water Level: 9.28 ft 
  
Slug Test 
Elapsed 
Time (sec) 
Depth to 
Water Level 
(ft) 
Elapsed 
Time (sec) 
Depth to 
Water Level 
(ft) 
Elapsed 
Time (sec) 
Depth to 
Water Level 
(ft) 
38 4.60 125 8.02 253 9.00 
45 4.90 129 8.08 269 9.04 
54 5.70 133 8.14 289 9.08 
63 6.10 139 8.24 302 9.10 
67 6.30 145 8.30 315 9.12 
75 6.70 148 8.34 330 9.14 
83 7.00 158 8.46 347 9.16 
88 7.20 166 8.54 376 9.18 
95 7.36 173 8.60 405 9.20 
102 7.52 186 8.70 437 9.21 
107 7.64 197 8.78 457 9.22 
110 7.74 210 8.84 516 9.24 
116 7.86 222 8.90 585 9.25 
122 7.96 240 8.96 690 9.26 
 
 
Figure 29: Well N8 slug test analysis. 
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Well N9 
Table 48: Well N9 slug test data.   
Depth to Static Water Level: 9.24 ft 
  
Slug Test 
Elapsed Time 
(sec) 
Depth to Water 
Level (ft) 
Elapsed Time 
(sec) 
Depth to Water 
Level (ft) 
22 8.82 208 9.10 
30 8.88 227 9.11 
32 8.90 247 9.12 
37 8.92 272 9.13 
43 8.94 290 9.14 
52 8.96 310 9.15 
63 8.98 344 9.16 
80 9.00 394 9.17 
92 9.02 444 9.18 
114 9.04 550 9.19 
140 9.06 697 9.20 
171 9.08   
 
 
Figure 30: Well N9 slug test analysis. 
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Well N10 
Table 49: Well N10 slug test data. 
Depth to Static Water Level: 3.75 ft 
  
Slug Test 
Depth to Water 
Level (ft) Elapsed Time (sec) 
37 3.28 
40 3.45 
43 3.55 
46 3.60 
55 3.68 
60 3.70 
70 3.72 
91 3.73 
125 3.74 
215 3.75 
 
 
Figure 31: Well N10 slug test analysis. 
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Well E2 
Table 50: Well E2 pumping test data. 
Observation Well for Pump Test on E3 
Time 
(min) 
Water Level 
Displacement (ft) 
Time 
(min) 
Water Level 
Displacement (ft)
Time 
(min) 
Water Level 
Displacement (ft)
1 0 36 -0.0031 71 0 
2 -0.0011 37 -0.0044 72 -0.0006 
3 -0.0004 38 -0.0058 73 -0.0001 
4 0 39 -0.0063 74 -0.0009 
5 0.0003 40 -0.006 75 0.0002 
6 -0.0008 41 -0.0061 76 -0.0001 
7 -0.0008 42 -0.0067 77 -0.0004 
8 -0.0006 43 -0.0069 78 0.0005 
9 0.0002 44 -0.0074 79 0.0011 
10 -0.0001 45 -0.0073 80 0.0015 
11 -0.0006 46 -0.0073 81 0.0017 
12 -0.0006 47 -0.0078 82 0.0014 
13 -0.0005 48 -0.0067 83 0.0012 
14 -0.0013 49 -0.0076 84 0.0015 
15 -0.0013 50 -0.0072 85 0.0025 
16 -0.0002 51 -0.0062 86 0.0027 
17 0.0005 52 -0.006 87 0.0014 
18 0.0006 53 -0.0043 88 0.0015 
19 0.0005 54 -0.0034 89 0.002 
20 0.0005 55 -0.003 90 0.0023 
21 0.0003 56 -0.0023 91 0.0009 
22 0.0003 57 -0.0021 92 -0.0005 
23 0.0006 58 -0.0024 93 -0.0003 
24 0 59 -0.002 94 -0.0006 
25 0 60 -0.0022 95 -0.0005 
26 -0.0006 61 -0.0015 96 0 
27 0.0002 62 -0.0025 97 0.0005 
28 0.0002 63 -0.0009 98 0.0012 
29 -0.0007 64 -0.0003 99 0.0017 
30 -0.0002 65 0.0006 100 0.0018 
31 -0.0012 66 0.0009 101 -0.0003 
32 -0.0012 67 0 102 -0.0001 
33 -0.0018 68 -0.0007 103 0.0005 
34 -0.0013 69 -0.0004 104 0.0016 
35 -0.0036 70 -0.0005   
Note: A negative water level displacement indicates a rise in water level 
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Figure 32: Well E2 pumping test analysis. All drawdown data are less than the error 
range for the Leveloggers, and are therefore unreliable and uninterpretable. 
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Well E3 
Table 51: Well E3 pumping test data. 
Observation Well for Pump Test on E4 
Time 
(min) 
Water Level 
Displacement (ft) 
Time 
(min) 
Water Level 
Displacement (ft)
Time 
(min) 
Water Level 
Displacement (ft)
1 0 35 -0.0043 69 -0.0068 
2 0.0006 36 -0.004 70 -0.0075 
3 0 37 -0.0046 71 -0.0079 
4 -0.0015 38 -0.0055 72 -0.008 
5 -0.0012 39 -0.006 73 -0.0081 
6 -0.001 40 -0.0061 74 -0.0087 
7 -0.0009 41 -0.0062 75 -0.0079 
8 -0.001 42 -0.0068 76 -0.0086 
9 -0.0007 43 -0.0064 77 -0.0087 
10 -0.0008 44 -0.0051 78 -0.0093 
11 -0.0003 45 -0.0052 79 -0.0094 
12 -0.0002 46 -0.0048 80 -0.0096 
13 -0.0008 47 -0.0047 81 -0.0103 
14 -0.0013 48 -0.0056 82 -0.011 
15 -0.0015 49 -0.0047 83 -0.0112 
16 -0.0019 50 -0.0049 84 -0.0116 
17 -0.002 51 -0.0046 85 -0.0122 
18 -0.0023 52 -0.0063 86 -0.0127 
19 -0.0033 53 -0.0065 87 -0.013 
20 -0.0034 54 -0.006 88 -0.0135 
21 -0.0039 55 -0.0067 89 -0.013 
22 -0.0044 56 -0.0069 90 -0.0128 
23 -0.0046 57 -0.0074 91 -0.0127 
24 -0.0051 58 -0.007 92 -0.0126 
25 -0.0045 59 -0.0073 93 -0.0125 
26 -0.0045 60 -0.007 94 -0.0126 
27 -0.0044 61 -0.0072 95 -0.0126 
28 -0.0036 62 -0.0071 96 -0.0121 
29 -0.0041 63 -0.0065 97 -0.0123 
30 -0.0048 64 -0.007 98 -0.0125 
31 -0.0035 65 -0.0062 99 -0.0125 
32 -0.0039 66 -0.0071 100 -0.0131 
33 -0.0042 67 -0.0066 101 -0.0126 
34 -0.0044 68 -0.0066   
Note: A negative water level displacement indicates a rise in water level 
 
 139
 
Figure 33: Well E3 pumping test analysis. All drawdown data are less than the error 
range for the Leveloggers, and are therefore unreliable and uninterpretable. 
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Well E4 
Table 52: Well E4 pumping test data. 
Observation Well for Pump Test on E3 
Time 
(min) 
Water Level 
Displacement (ft) 
Time 
(min)
Water Level 
Displacement (ft)
Time 
(min)
Water Level 
Displacement (ft)
1 0 36 -0.0045 71 -0.0005 
2 -0.0002 37 -0.0055 72 -0.0009 
3 0.0016 38 -0.0062 73 -0.0007 
4 0 39 -0.0064 74 -0.0012 
5 -0.0002 40 -0.0069 75 0 
6 0 41 -0.0079 76 0.0008 
7 -0.0013 42 -0.0077 77 0.0004 
8 0.0002 43 -0.0084 78 0.0002 
9 -0.0008 44 -0.0073 79 0.0016 
10 -0.0001 45 -0.0088 80 0.0022 
11 -0.0008 46 -0.0079 81 0.0008 
12 -0.0006 47 -0.0073 82 0.0017 
13 -0.0019 48 -0.0081 83 0.0015 
14 -0.0011 49 -0.0074 84 0.0027 
15 -0.0005 50 -0.0067 85 0.0017 
16 0.0004 51 -0.0057 86 0.0012 
17 0 52 -0.0056 87 -0.0009 
18 -0.0001 53 -0.0044 88 0.0014 
19 -0.0003 54 -0.0045 89 0.0021 
20 0.0007 55 -0.0026 90 0.002 
21 0 56 -0.0022 91 -0.001 
22 0.0003 57 -0.0027 92 0 
23 0 58 -0.0022 93 -0.0005 
24 0 59 -0.0035 94 -0.0007 
25 -0.0003 60 -0.003 95 0.0003 
26 -0.0003 61 -0.0024 96 0.0008 
27 -0.0002 62 -0.0017 97 0.0018 
28 -0.001 63 -0.0018 98 0.0017 
29 -0.0011 64 -0.0006 99 0.001 
30 -0.0015 65 0.0004 100 -0.0004 
31 -0.0007 66 -0.0016 101 -0.0004 
32 -0.0024 67 -0.0013 102 -0.0007 
33 -0.0024 68 -0.0015 103 0.0012 
34 -0.0031 69 -0.0003 104 0.0004 
35 -0.004 70 0.0002   
Note: A negative water level displacement indicates a rise in water level 
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Figure 34: Well E4 pumping test analysis. All drawdown data are less than the error 
range for the Leveloggers, and are therefore unreliable and uninterpretable. 
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Well E5 
Table 53: Well E5 pumping test data. 
Observation Well for Pump Test on Well E6 
Time (min) 
Water Level 
Displacement 
(ft) 
Time (min)
Water Level 
Displacement 
(ft) 
Time (min) 
Water Level 
Displacement 
(ft) 
1 0 38 0.0097 75 0.0184 
2 0 39 0.0104 76 0.0194 
3 0 40 0.0105 77 0.0204 
4 0 41 0.01 78 0.0202 
5 0 42 0.0116 79 0.0203 
6 0 43 0.0109 80 0.0206 
7 0 44 0.0115 81 0.0211 
8 0 45 0.0113 82 0.0217 
9 0 46 0.0116 83 0.0223 
10 0 47 0.0113 84 0.021 
11 0 48 0.0117 85 0.0215 
12 0 49 0.0108 86 0.0216 
13 0 50 0.012 87 0.0218 
14 0 51 0.0136 88 0.0224 
15 0 52 0.0135 89 0.0228 
16 0 53 0.0139 90 0.0223 
17 0 54 0.0147 91 0.023 
18 0 55 0.015 92 0.0233 
19 0 56 0.0149 93 0.0233 
20 0 57 0.0146 94 0.0231 
21 0 58 0.0144 95 0.0231 
22 0 59 0.0147 96 0.0232 
23 0 60 0.0153 97 0.0233 
24 0 61 0.0163 98 0.0237 
25 0 62 0.017 99 0.0239 
26 0 63 0.0168 100 0.0239 
27 0.0003 64 0.017 101 0.0241 
28 0.0012 65 0.0167 102 0.0246 
29 0.0021 66 0.017 103 0.0251 
30 0.0029 67 0.0167 104 0.0256 
31 0.0041 68 0.017 105 0.0255 
32 0.0051 69 0.0178 106 0.0254 
33 0.0055 70 0.0177 107 0.0258 
34 0.0073 71 0.0177 108 0.0259 
35 0.0078 72 0.0182 109 0.0258 
36 0.0084 73 0.0185   
37 0.0093 74 0.018   
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Figure 35: Well E5 pumping test analysis. 
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Well E6 
Table 54: Well E6 pumping test data. 
Observation Well for Pump Test on E7 
Time 
(min) 
Water Level 
Displacement (ft) 
Time 
(min)
Water Level 
Displacement (ft)
Time 
(min)
Water Level 
Displacement (ft)
1 0 35 0.0018 69 0 
2 -0.0004 36 0.0002 70 0.0008 
3 0.0009 37 0.0008 71 0 
4 0.0003 38 0.0012 72 0.0012 
5 0.0007 39 0.0024 73 0.0006 
6 0.0013 40 0.0021 74 0 
7 0.0019 41 0.0029 75 0.0004 
8 0.002 42 0.0021 76 -0.0002 
9 0.0025 43 0.0024 77 -0.0007 
10 0.0008 44 0.0016 78 -0.0003 
11 0.0016 45 0.0023 79 -0.001 
12 0.002 46 0.002 80 -0.0018 
13 0.0016 47 0.003 81 -0.0019 
14 0.0019 48 0.0031 82 -0.0022 
15 0.002 49 0.0011 83 -0.0026 
16 0.0016 50 0.0022 84 -0.0021 
17 0.0014 51 0.0033 85 -0.0029 
18 0.003 52 0.0028 86 -0.0017 
19 0.0011 53 0.0026 87 -0.0008 
20 0.0021 54 0.0027 88 -0.0012 
21 0.0013 55 0.0023 89 0 
22 0.0019 56 0.0026 90 0 
23 0.0024 57 0.0033 91 0.0006 
24 0.0017 58 0.0037 92 0.0003 
25 0.0026 59 0.0023 93 -0.0002 
26 0.0015 60 0.0013 94 0.0012 
27 0.0012 61 0.0016 95 0.0014 
28 0.0022 62 0.0018 96 0.0012 
29 0.0024 63 0.0013 97 0.0005 
30 0.0008 64 0.0002 98 0.0002 
31 0.0016 65 0.0006 99 -0.001 
32 0.0011 66 0.0013 100 0.0003 
33 0 67 0.0011 101 -0.0012 
34 0.0013 68 0.0005   
Note: A negative water level displacement indicates a rise in water level 
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Figure 36: Well E6 pumping test analysis. All drawdown data are less than the error 
range for the Leveloggers, and are therefore unreliable and uninterpretable. 
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Well E7 
Table 55: Well E7 pumping test data. 
Observation Well for Pump Test on Well E6 
Time (min) 
Water Level 
Displacement 
(ft) 
Time (min)
Water Level 
Displacement 
(ft) 
Time (min) 
Water Level 
Displacement 
(ft) 
1 0 38 0.0095 75 0.0198 
2 0 39 0.01 76 0.0201 
3 0 40 0.01 77 0.02 
4 0 41 0.0106 78 0.0205 
5 0 42 0.0108 79 0.0214 
6 0 43 0.0117 80 0.0213 
7 0 44 0.0118 81 0.0222 
8 0 45 0.0113 82 0.022 
9 0 46 0.0117 83 0.0223 
10 0 47 0.012 84 0.0225 
11 0 48 0.0119 85 0.0222 
12 0 49 0.013 86 0.0229 
13 0 50 0.0122 87 0.0232 
14 0 51 0.0115 88 0.0234 
15 0 52 0.0132 89 0.0233 
16 0 53 0.0139 90 0.0234 
17 0 54 0.0141 91 0.0238 
18 0 55 0.0141 92 0.0242 
19 0 56 0.0152 93 0.0241 
20 0 57 0.0148 94 0.0245 
21 0 58 0.0148 95 0.0244 
22 0 59 0.015 96 0.0249 
23 0 60 0.0148 97 0.0242 
24 0 61 0.0153 98 0.0245 
25 0 62 0.0161 99 0.0248 
26 0 63 0.0166 100 0.0253 
27 0 64 0.0169 101 0.0263 
28 0 65 0.017 102 0.0259 
29 0.0011 66 0.0172 103 0.0267 
30 0.0021 67 0.018 104 0.0271 
31 0.0029 68 0.0174 105 0.0269 
32 0.0049 69 0.0186 106 0.0269 
33 0.0057 70 0.0186 107 0.0274 
34 0.0062 71 0.0175 108 0.0276 
35 0.0074 72 0.0191 109 0.0282 
36 0.0082 73 0.0191   
37 0.009 74 0.0195   
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Figure 37: Well E7 pumping test analysis. 
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Well E8 
Table 56: Well E8 pumping test data. 
Observation Well for Pump Test on E7 
Time 
(min) 
Water Level 
Displacement (ft) 
Time 
(min) 
Water Level 
Displacement (ft)
Time 
(min) 
Water Level 
Displacement (ft)
1 0 35 -0.0013 69 -0.002 
2 -0.0004 36 -0.0015 70 -0.0011 
3 -0.0004 37 -0.0025 71 -0.0015 
4 -0.0004 38 -0.0018 72 -0.0018 
5 -0.0007 39 -0.0008 73 -0.0026 
6 -0.0004 40 -0.0009 74 -0.003 
7 0.0009 41 -0.0013 75 -0.0018 
8 0.0001 42 0.0003 76 -0.0032 
9 0.0005 43 -0.0007 77 -0.0023 
10 0.0003 44 0.0002 78 -0.003 
11 -0.0002 45 0.0004 79 -0.004 
12 0.0007 46 0.0001 80 -0.0042 
13 0.0007 47 0.0003 81 -0.0036 
14 0.0003 48 0.0013 82 -0.0039 
15 0.0011 49 0.0001 83 -0.0036 
16 0.0001 50 0 84 -0.0036 
17 -0.0002 51 0.0004 85 -0.0033 
18 0.0001 52 0.0006 86 -0.0026 
19 -0.0013 53 -0.0011 87 -0.0029 
20 -0.0012 54 0.0016 88 -0.0025 
21 -0.0014 55 0.0005 89 -0.0011 
22 -0.0003 56 0 90 -0.0016 
23 -0.0004 57 -0.0002 91 -0.0005 
24 -0.0004 58 0.0007 92 -0.0012 
25 -0.0003 59 -0.0007 93 -0.0004 
26 -0.0003 60 0 94 -0.0004 
27 -0.0009 61 -0.0008 95 0.0004 
28 -0.001 62 -0.0007 96 -0.0002 
29 -0.0018 63 -0.0007 97 -0.0015 
30 -0.0014 64 -0.0012 98 -0.002 
31 -0.002 65 -0.0009 99 -0.0033 
32 -0.0022 66 -0.0009 100 -0.0014 
33 -0.0023 67 -0.0013 101 -0.0027 
34 -0.0013 68 -0.0012   
Note: A negative water level displacement indicates a rise in water level 
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Figure 38: Well E8 pumping test analysis. All drawdown data are less than the error 
range for the Leveloggers, and are therefore unreliable and uninterpretable. 
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Well E9 
Table 57: Well E9 pumping test data. 
Observation Well for Pump Test on Well E8 
Time (min) 
Water Level 
Displacement 
(ft) 
Time (min)
Water Level 
Displacement 
(ft) 
Time (min) 
Water Level 
Displacement 
(ft) 
1 0 35 0.0039 69 0.003 
2 0 36 0.0038 70 0.0024 
3 0 37 0.0051 71 0.0013 
4 0 38 0.004 72 0.0017 
5 0 39 0.0049 73 0.0007 
6 0 40 0.0055 74 0.0013 
7 0 41 0.0046 75 0.001 
8 0 42 0.0046 76 0.0016 
9 0 43 0.0046 77 0.0027 
10 0 44 0.0042 78 0.0014 
11 0 45 0.0043 79 0.0025 
12 0 46 0.0047 80 0.0023 
13 0 47 0.0048 81 0.0024 
14 0 48 0.0045 82 0.0024 
15 0 49 0.0046 83 0.0019 
16 0 50 0.0042 84 0.0017 
17 0 51 0.0041 85 0.0026 
18 0 52 0.0041 86 0.0018 
19 0.0013 53 0.0033 87 0.0032 
20 0.0009 54 0.0032 88 0.003 
21 0.002 55 0.0035 89 0.0025 
22 0.0016 56 0.0036 90 0.0028 
23 0.0033 57 0.0031 91 0.0021 
24 0.0034 58 0.0025 92 0.0018 
25 0.0032 59 0.0023 93 0.001 
26 0.003 60 0.0024 94 0.0013 
27 0.0034 61 0.0024 95 0.0014 
28 0.0029 62 0.0021 96 0.0008 
29 0.0039 63 0.0029 97 0.0005 
30 0.0053 64 0.003 98 0.0007 
31 0.0044 65 0.0025 99 0.0008 
32 0.0033 66 0.0027 100 0.0008 
33 0.0047 67 0.0023 101 0.001 
34 0.0037 68 0.0026 102 0.0017 
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Figure 39: Well E9 pumping test analysis. All drawdown data are less than the error 
range for the Leveloggers, and are therefore unreliable and uninterpretable. 
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Well MC1 
Table 58: Well MC1 slug test data. 
Depth to Static Water Level: 3.44 ft 
  
Slug Test 
Depth to Water 
Level (ft) Elapsed Time (sec) 
9 2.30 
11 2.90 
14 3.10 
17 3.16 
19 3.24 
23 3.30 
27 3.32 
30 3.38 
33 3.41 
40 3.43 
42 3.44 
 
 
Figure 40: Well MC1 slug test analysis. 
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Well MC2 
Table 59: Well MC2 slug test data.   
Depth to Static Water Level: 4.37 ft 
  
Slug Test 
Elapsed Time 
(sec) 
Depth to Water 
Level (ft) 
Elapsed Time 
(sec) 
Depth to Water 
Level (ft) 
19 4.00 49 4.24 
24 4.06 56 4.26 
26 4.08 65 4.28 
28 4.10 77 4.30 
32 4.13 97 4.32 
34 4.15 114 4.33 
38 4.18 146 4.34 
42 4.20 252 4.35 
44 4.22 356 4.36 
 
 
Figure 41: Well MC2 slug test analysis. 
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Appendix E: Flow equations used by MODFLOW 
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A. Governing flow equation under unconfined conditions: 
 ∂/∂x (Kx * ∂h/∂x) + ∂/∂y (Ky * ∂h/∂y) + ∂/∂z (Kz * ∂h/∂z) = (Sy * ∂h/∂t) – R 
where 
 Kx = Hydraulic conductivity tensor in the “x” direction 
 Ky = Hydraulic conductivity tensor in the “y” direction 
 Kz = Hydraulic conductivity tensor in the “z” direction 
 h = Saturated aquifer thickness 
 Sy = Specific yield 
 t = Time 
 R = General sink/source term 
 
B. Leakage to/from streams: 
 
 L = QL/A = K’z/b’(hsource – h) 
where 
 L = Leakage flux 
 QL = Volumetric flux 
 A = Area of cell through which leakage occurs 
 K’z = Vertical hydraulic conductivity of stream/aquifer interface 
 b’ = Stream/aquifer interface thickness 
 hsource = Head in stream 
 h = Head in aquifer immediately adjacent to stream 
 
C. Manning’s roughness equation: 
  
 d = (Qn/CwS1/2)3/5 
where 
 d = Stream stage 
 Q = Discharge in stream segment 
 n = Manning’s roughness coefficient 
 C = Constant equal to 1.486 when working with feet/second units 
 w = Stream width 
 S = Slope of streambed 
 
 
